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THEOREM 14.18

an extremum
principle for
a harmonic
function u

Differentiating this result with respect to x and y, we obtain
a . . . . . .
a—|s1n z|> = 2sin x cos x cosh? y— 2 sin x cos x sinh? y = 2sinxcosx = sin 2x
X
and

d
@ |sin z|> =2 sin? x sinh y cosh y 42 cos® x sinh y cosh y =2sinh y cosh y = sinh 2y.

The maxima and minima of |sin z|?, and hence of [sin z|, will occur in D if
each of these derivatives vanishes simultaneously at a point or points inside D. The
function sin 2x only vanishes in D on the line x = /2, butsinh2y # 0for0 < y < 1,
so |sin z|?, and hence |sin z|, has neither maxima nor minima in D. Thus, the extrema
of [sin z| must occur on the straight line boundaries of D. On the boundary x =0
of D, |sin z| has a minimum of 0 at (0, 0) and a maximum of sinh 1 at (0, 1). On the
boundary x = of D, [sin z| has a minimum of 0 at (7, 0) and a maximum of sinh 1
at (7, 1). On the boundary y =0 of D, |sin z| has two minima of 0 at (0, 0) and
(0, ) and a maximum of 1 at (7 /2, 0), while on the boundary y = 1 of D, |sin z| has
two minima equal to sinh 1 at (0, 1) and (=, 1), and a maximum of (1 + sinh*1)!/2
at (7 /2, 1). This shows that the smallest value of |sin z| on the boundary of D is 0,
and the largest value is (1 + sinh? 1)!/2,

The results of Theorem 14.17 are confirmed, so inside the rectangle D it follows
that

0 < |sin z| < (1 +sinh*1)Y/2,  for all z inside D. |

We now use Theorem 14.17 to prove a corresponding result for harmonic func-
tions that has important consequences in the study of boundary value problems for
Laplace’s equation.

The maximum/minimum principle for harmonic functions The maximum and
minimum values of a nonconstant function u that is harmonic in a bounded simply
connected domain and continuous on its boundary must occur on the boundary.

Proof Letube aharmonic function satisfying the conditions of the theorem, and
form the analytic function f(z) = u + iv, where v is the harmonic conjugate of u.
Then,

lexp { f(2)}| = €T | = [e“]|e"| = e".

As €" is a monotonic increasing function of u, this result shows that the max-
ima of ", and hence of u and those of |exp f(z)|, coincide. Using this result in
Theorem 14.16 shows that the maxima of # must occur on the boundary. The fact
that the minima of u also occur on the boundary follows if we notice that the min-
ima of u correspond to the maxima of the harmonic function —u, so the proof is
complete. ]

Theorem 14.18 also applies to nonsimply connected bounded domains. In such
a domain D, the maximum value of u is taken to be the largest of the maxima on all
the internal boundaries and the external boundary of D, and the minimum value
is taken to be the smallest of the minima on all the internal boundaries and the
external boundary of D.
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uo(min) u prescribed on I’

0 X

FIGURE 14.22 A two-dimensional boundary
value problem for Laplace’s equation.

To see how the theorem provides qualitative information about solutions of
Laplace’s equation ., + uy, = 0, consider the bounded two-dimensional domain
D with boundary I shown in Fig. 14.22 on which u assumes prescribed continuous
values, and let the smallest of the values of u on I" be uy and the largest be u;. Then,
for all points (x, y) in D we have

uy < u(x,y) < uy.

Problems of this type are called two-dimensional boundary value problems for
Laplace’s equation. They occur, for example, when a two-dimensional steady-state
temperature distribution is to be determined within a uniform heat-conducting
medium on the boundary of which the temperature takes prescribed values, because
the steady state temperature as a function of position in the medium is a solution
of Laplace’s equation.

Use Theorem 14.18 to place bounds on the function u(x, y) = (1 4 2sinh® x)sin2y
in the domain D determined by 0 <x <land0 <y <.

Solution Routine differentiation establishes that u,, + u,, = 0, so u(x, y) is har-
monic. As the domain D is bounded and u(x, y) is harmonic, Theorem 14.18 applies
and asserts that the smallest and largest values of u(x, y) must occur on the bound-
ary of D. Examination of the behavior of u(x, y) on the straight line boundaries
of D shows that the smallest value of u(x, y) is —1 — 2sinh®1 at (1, 377/4), and the
largest value is 1 + 2sinh® 1 at (1, 7/4), so

—1 —2sinh? 1 < u(x, y) < 1+ 2sinh* 1 at all points inside D. [ |

The next example illustrates how the maximum/minimum principle may be
used to place bounds on the two-dimensional temperature distribution inside a
long uniform hexagonal rod of metal when an arbitrary temperature distribution is
prescribed around its hexagonal faces. The bounds on the temperature distribution
inside the metal can, for example, be used to estimate the thermal stress produced
in the rod due to the uneven heating of its faces.

Consider the cross-section of a long hexagonal rod of metal, shown in Fig. 14.23a,
where the inscribed circle that is tangent to the faces has radius a+/3/2, and the
circumscribed circle that passes through the vertices has radius a. Draw a ray from
the origin to a point on the circumscribed circle, andlet 7 = f(0) be the temperature
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FIGURE 14.23 The hexagonal cross-section and two related cross-sections with radii a+/3/2
and a.

that is imposed on the hexagonal face where the ray intersects the face. Then the
function f(#) is periodic with period 27.

We now anticipate the result of Chapter 17 (proved in Chapter 18) that the
steady state temperature distribution in a uniform heat conducting medium satis-
fies the Laplace equation. As the problem is two-dimensional, it follows that the
temperature distribution inside the hexagonal cross-section must satisfy the two-
dimensional Laplace equation AT = 0.

Our approach will be to consider two related but far simpler problems than the
problem in the hexagonal cross-section. One will be for the Laplace equation for
a temperature T(r, #) inside the inscribed circle, and the other for a temperature
T(r, 0) inside the circumscribed circle, when both problems satisfy the same tem-
perature distribution at an angle 6 on the perimeter of their respective circles as the
temperature on the plane face at the same angle. We start by considering the prob-
lem in cylindrical polar coordinates A T(r, 8) = 0 in the disc of radius a+/3/2 shown
in Fig. 14.23b that is required to satisfy the temperature T(a~/3/2,60) = f(6) on
the perimeter of the circle. Then, as the temperatures on the hexagonal faces have
been transferred inward to corresponding points on the inscribed circle, it follows
directly from the maximum/minimum principle that inside and on the inscribed
circle we must have T(r,8) < T(r,0). Thus, T(r, #) provides an upper bound for
the temperature in any cross-section of the hexagonal rod at points that lie inside
the circle of radius a+/3/2.

Next, we consider the corresponding problem shown in Fig. 14.23c, where
this time the solution T(a, 8) of the Laplace equation inside the circumscribed
circle is required to satisfy the temperature T(a,6) = f(0) on the perimeter of
the circle. Here the temperatures on the hexagonal faces have been transferred
outward to corresponding points on the circumscribed circle, so this time by the
maximum/minimum principle it follows that 7(r,0) < T(r, ). Thus, T(r,0) pro-
vides a lower bound for the temperature T(r, ) at all points inside the hexagonal
cross-section.

Consequently, we have established the following results:

(i) 7(r,0) < T(r, ) at all points inside the hexagonal cross-section
(i) 7(r,0) < T(r,6) at all points inside the hexagonal cross-section that belong
to the inscribed circle

To make further progress we appeal to the Poisson integral formula for a circle
that forms the result of Exercise 3 in Exercise Section 14.4. This asserts that if u(r, 0)



THEOREM 14.19

Section 14.4  Some Properties of Analytic Functions 783

is harmonic in a circle of radius R centered on the origin, and on the perimeter of
the circle u(R, ) = f(6), then

1 /2” (R —r) f(¥)

0)=—
u(r. ) 27 R? —2rRcos(0 — ) +r?

dy.

The bound 7(r, ) follows directly from this result by setting R = a+/3/2 and
u(r,0) = T(r, 0), while the bound for 7(r, 6) follows by setting R = a and u(r, §) =
T(r, 6). Clearly, this approach works for any cross-section shape, though the bounds
will be sharper when the radii of the inscribed and circumscribed circles are close
together. ]

The performance of an engineering system often depends on the location of
the zeros of a function that may not necessarily be a polynomial. To obtain a system
with satisfactory properties, the zeros are often required to lie in a particular part of
the z-plane. This occurs, for example, when working with control systems governed
by a system of differential equations, because the system will only be stable if the
zeros of a characteristic equation all lie to the left of the imaginary axis, and so have
negative real parts. However, to avoid an undesirably slow decay of any disturbances
to such a system, it is usually also necessary to require that each zero have a real
part that is less than some prescribed negative number, so in such cases all zeros
must lie to the left of a line z = —c with ¢ > 0. Consequently, when such a system
has parameters that can be adjusted to optimize performance, unless the zeros can
be found explicitly, it is necessary to devise a practical test that determines how
many zeros lie inside a given region contained within a closed curve I'.

A powerful test of this type can be derived from the following result we will call
the restricted argument principle, as it is a special case of what in complex analysis
is known as the argument principle. Although this more general theorem is not
difficult to establish, its proof would be out of place here and will be omitted, as it
can be found in any of the references quoted at the end of this chapter.

The restricted argument principle Let f(z) be analytic and have a finite number
of zeros and no poles in a bounded simply connected domain D with boundary I'.
Then, provided f(z) #0onT,

1
—Ar arg f(z) = N,
2

where Ar arg f(z) denotes the change in the argument of f(z) when the contour T’
is traversed once in the positive (counterclockwise) sense, and N is the number of
zeros in D with their multiplicity counted. ]

The geometrical implication of this theorem is as follows. Let I'” be the image
of I under the mapping w = f(z). Then, when a point z makes one traverse of
the contour I' in the z-plane, the number of times its image I'” encircles the origin
in the w-plane is equal to the number of zeros of f(z) inside I'. To apply this
geometrical interpretation of the theorem, the contour I' in the z-plane must first
be parametrized, after which this parametrization must be used in w = f(z) to
construct the image I'’ in the w-plane. The number of times I’ encircles the origin
w = 0 can then be counted to determine the number of zeros of f(z) inside I'.
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A result that can be derived from the restricted argument principle, which
although weaker is both useful and simple to use, is Rouché’s theorem.

Rouché’s theorem Let D be a simply connected domain bounded by a contour I’
in which the functions f(z) and g(z) are analytic and such that | f(z)| > |g(z)| for
all zonI". Then f(z) and f(z) 4+ g(z) each have the same number of zerosin D. H

In effect, the conditions of Rouché’s theorem are such that it enables the num-
ber of zeros of a simple function f(z) inside I to be equated to the number of zeros
possessed by the more complicated function f(z) + g(z) that also lie inside T.

Use Rouché’s theorem to find the number of zeros of the polynomial P(z) = z* —
8z 4 10 that lie (a) in |z] < 1 and (b) in |z|] < 3. (c¢) Confirm results (a) and (b) by
using the graphical implication of the restricted argument principle.

Solution

(a) Make the identifications f(z) = 10 and g(z) = z* — 8z. On |z| = 1 we have
| f(2)] =10 and |g(2)| = |z* — 82| < |zI +8|z| =9, so | f(2)| > [g(2)| on |z] = 1.
Then by Rouché’s theorem, as f(z) has no zeros inside |z] = 1, it follows that
f(z) + g(z) = P(z) has no zeros inside |z| < 1.

(b) Make the identification f(z) = z* and g(z) = —8z+10. On |z] = 3, | f(z)| =
81 and |g(z)| = |—8z+ 10| < 8|z| + 10 =34, so | f(z)| > |g(z)| on |z| = 3. Then by
Rouché’s theorem, as f(z) has four zeros inside |z| = 3 when their multiplicity is
counted, it follows that f(z) + g(z) = P(z) also has four zeros inside |z| < 3.

(¢) Parametrize the circle |z| = 1 by settingx = cost, y = sint with0 <t < 2w so
the unit circle is traversed once. Then setting z = cost +isintinw = u +iv = P(z)
and separating out the real and imaginary parts gives

u=cos*t —6cos’tsin’ ¢ + sin* t — 8cost + 10

v =4costsint — 4costsin’t — 8sint.

The image I'” of " under the mapping w = f(z) is obtained by plotting this para-
metric representation of I'" with 0 < ¢ < 2. This plot is shown in Fig. 14.24a, from
which it can be seen that the image I'" does not encircle the origin in the w-plane,
so no zeros of P(z) liein |z| = 1.

Repeating this argument, but this time parametrizing the circle |z| = 3 by setting
z=3(cost +isint), leads to the results

u =81 cos*t — 486 cos® ¢ sin’ ¢t + 81sin* 1 — 24 cost + 10
v =324cos’ rsint — 324 costsin’t — 24sint.

The plot of this image of I’ is shown in Fig. 14.24b, from which it can be seen that
" encircles the origin in the w-plane four times, so P(z) has four zeros inside the
circle |z| = 3. [ |

Alternative accounts and extra information concerning the material in
Sections 14.1 to 14.4 can be found in any one of references [6.1] to [6.4] and [6.6]
to [6.9].
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(a)

Summary

(®)
FIGURE 14.24 (a) I'" does not encircle w = 0. (b) I'” encircles w = 0 four times.

Some general properties of analytic functions were derived, one of which was the fun-

damental theorem of algebra that asserts every polynomial of degree n has precisely n
zeros, though these need not all be distinct. The maximum/minimum modulus theorem
for analytic functions was also proved, showing that the maximum and minimum values
of the modulus of a nonconstant analytic function defined in a domain D must occur on
the boundary of D. A corresponding theorem for harmonic functions was also proved.

EXERCISES 144

1.*

Let P(z) = ap+a1z+ayz? + -+ -+ a,7" be a complex
polynomial, and I" be a positively oriented circle with
its center at the origin. Show that

1 & P.(2) 1
[ =Y

k=0 k=0

Let f(z) be analytic inside and on the circle I' defined
by |z] = R, and let zo = re®, with 0 < r < R, be a point
inside the circle. Show that the point Z = zZ/Z, lies out-
side the circle I', so that

1 f(2)

2mi [‘Z_Z

dz =0.

By differencing this expression and the expression for
f(z0) determined by the Cauchy integral formula, show

that
0\ _ L 1 (Zz - ZOZO)
1) = 7 /r 2 (z— 20)(Z — 2)

f(z)dz.

By setting zo =re’® and z= Re'V in the result of
Exercise 2, show that

(R —r?)

2w
oy _ iy
flre )_2nf0 R 2rReos(y — ) 172 KAV

Write f(re'”) = u(r,0) +iv(r,0) in the preceding re-
sult and derive the Poisson integral formula for a
disc,

(R =rMu(R, )
27 Jo R —2rRcos(y —6) +r?

u(r,0) = dyr.

This formula determines the value of the harmonic
function u = Re{f(z)} at any point (r,0) inside the
disc in terms of the prescribed values of u on the
boundary I" of the disc. The specification of u on the
boundary of a domain in which u is harmonic consti-
tutes what is called a Dirichlet problem for Laplace’s
equation. This formula determines, for example, the
steady state electrostatic potential in a long cavity with
a circular cross-section of radius R, on the walls of
which the potential u(R, ) = f(R, ). As the steady
state two-dimensional temperature distribution in a
long metal rod of circular cross-section of radius R is
also a solution of Laplace’s equation, this same for-
mula determines the temperature distribution in the
rod when its surface is at a temperature u(R, ) =

F(R. ).
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By setting u(R, ) = M in the Poisson integral formula
for a disc given in Exercise 3, and using the result

fora® <1

b dt 2

A 14+acost J1—a2
that can be established by the method of Example 14.13,
show that when u(R, ¥) = M (constant) on the bound-
ary of the disc, it must follow that u(r, 0) = M through-
out the disc.
Let domain D be the interior of the positively oriented
contour I' comprising the semicircle Cg of radius R in
the upper half plane with its center at the origin, and
the segment of the real axis from —R to R. If z; is an
interior point of D, explain why

1
o LZ_)dZ.
271 Jr 72— 2o

1 f)
f(z0) = %./r z—zodz and 0 =

Set zp = xo + iyp and difference these results to show
that
f(x)

_ R o L
flz0)= T /4{ |X—Zo|2dx+ T Jcg (Z_ZO)(Z_ZO)dZ'

Using the notation of Exercise 5, and writing z = zp +
(z—z0) and z = Zy + (z — Z), show that

(R—1201)* < lz— 20l - 12— Zol-
Deduce from this that if | f(z)| < K in the upper half
plane, then
- KR
(R —|z20])?

Yo f(2)
Z?LR&—aMz—aﬂ4

By taking the limit of the result of Exercise 5 as R — oo
and using the result from this exercise, deduce that

fa=2 [~ Y

T (x—x0)*+ 3

Then, by setting f(z) = u(x, y) +iv(x, y) and equating
the real parts of the equation, show that

u(xo, yo) = 2 /“ u(x.0)

— 27 dx, fory, > 0.
7)o (x —x0)? + ¢ .

This result is the Poisson integral formula for a half-
plane, and it determines the harmonic function u(xo, yo)
at points (xo, yp) in the upper half-plane in terms of a
prescribed function u(x, 0) on the real axis. The function
u(x, 0) is called a Dirichlet boundary condition for the
two-dimensional boundary value problem for Laplace’s
equation. This formula can be used to determine the

10.

steady state temperature distribution u(x, y) in a ther-
mally conducting half-plane when the temperature on
the plane bounding surface is u(x, 0) = T(x), with T(x)
a given function. A similar interpretation applies when
the formula is used to determine the steady state elec-
trostatic potential u(x, y) in a half-space when the po-
tential on the plane bounding surface is u(x, 0) = T(x).

. Let PB,(z) be the complex polynomial P,(z) =ay+

az+arz? + - --+a,7" with a, #0, and n > 1. Justify
the assertion in the proof of the fundamental theorem of
algebra thatif Q,(z) = 1/ P,(2), then limy; ., | 0.(2)| =
lim; .o 1/ Pu(2)| = 0.

. Given that z =1+ 2i is a root of the polynomial z* +

272 + 1022 — 67 + 65 = 0 with real coefficients, use the
deflation method described in the proof of the funda-
mental theorem of algebra to find the remaining roots.

. Verify the maximum/minimum principle for the func-

tion f(z) =e®in the domain —1 <x <1,-2<y <2,
and place bounds on |e?| inside the given domain.

Verify the maximum/minimum principle for the func-
tion f(z) = coshzinthedomain—1 <x <1,-1<y<
1, and place bounds on | cosh z| inside the given domain.

In Exercises 11 through 14 place bounds on the function
u(x, y) inside the given domain.

11.

12.

13.

14.

15.

16.

17.

18.

u(x,y) =x+2x*—-2y> in the domain —1<x <1,
-l<y=<Ll

u(x, y) = e*(ycosy + xsin y) in the domain 0 < x <1,
—n/2 <y<m/2.

u(x, y) = e*(xcosy — ysin y) in the domain 0 < x < 1,
—n/2<y<m/2.

u(x, y) = e*(cos? y cosh x — sin” y sinh x) in the domain
0<x=<1,0<y<m/2.

Show by Rouché’s theorem that P(z) = z* — 5z + 1 has
one zero in the disc |z| < 1 and three zeros in the annu-
lus1 < |z] <2.

Use Rouché’s theorem to find the number of zeros
of P(z)=2z2—4z+1 contained in (a) |z <1,
(b) Iz] <1, and (c) |2| < 3.

Use the geometrical interpretation of the restricted ar-
gument principle to show that f(z) = z — 2i + exp(—z2)
has no zerosin |z —i| <1, one zero in |z —i| < 2, and
two zeros in |z —i| < 3.

Giventhat f(z) = zexp(z) — 22> + iz + 3i, use the geo-
metrical interpretation of the restricted argument prin-

ciple to determine the number of zeros of f(z) in
(a)lzl < 1, (b) Izl < 1, (¢) Izl < 1,and (d) |z = 3.
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The integral of a complex function f(2) along a path T 45 from point A to point B, on which f
has no singularities, is simply a line integral of f(z) along T from A to B with respect to arc length.
The complex integral can be evaluated numerically as follows. First, a general point z on the arc
I ap with its initial point A at z= zy and its final point B at z = z is expressed parametrically as
z(t) = x(t) +iy(t) for the parameter t in the interval ty < t < t;, with zp = z(t) and z; = z(t;).
Then, on T, dz = (dx/dt + idy/dt)dt, so the required integral along T g is given by

/ f(2)dz = / " 2 (O)dx/dt + idy/de)t.
Cas i}

If the path T is continuous, but defined in a piecewise manner along successive segments, each seg-
ment must be parametrized separately. The integral along T then follows by adding the integrals along
each of the segments. A contour integral around a simple closed curve is obtained by parametrizing
the curve (in segments if necessary) and integrating once around the curve in the counterclockwise
direction. If f is not analytic, the integral of f from A to B will, in general, depend on the choice of

path from A to B.

Project 1

The Numerical Evaluation of Integrals
along Arcs

This project uses computer algebra to calculate the integrals
of complex functions f along different arcs I" from A to Bto
verify, in particular cases, that when f is analytic the result
is independent of the path, though when f is not analytic
the integral depends on the choice of path.

1. Let Abe the point z =1 —2i and B the point
z =1 + 2i. Parametrize the semicircular path I'
from A to B that lies to the right of the line AB
and has A and B as points on opposite ends of
a diameter, and find dz on I'y. Parametrize the
piecewise continuous straight line path I'; join-
ing Ato C and C to B, where C is the point
z =2 —2i, and find dz on the straight line seg-
ments AC and CB.

2. Given that fi(z) = zsinh(2z), use computer al-
gebra to show that fj(z) satisfies the Cauchy-
Riemann equations for all z, and so is an entire
function.

3. Evaluate f. fi(z)dzand [, fi(z)dz and hence
show, as would be expected because f is an en-
tire function, that the integrals are equal.

4. Given that f;(z) = zZsin z, show by using com-
puter algebra that f, is not analytic. By
finding [, f2(2)dz and [;, fa(z)dz, show that

Jr, ARz # [, fo(2)dz.

Project 2

Integrating around a Circular Arc Centered
on a Simple Pole

This project uses computer algebra to examine the effect
of integrating around a circular arc of arbitrarily small
radius when its center is located at a simple pole of a
complex function f(z). This process is examined analyti-
cally in Chapter 15, where it is used in the determination
of definite integrals of real functions f(x) over the semi-
infinite interval 0 < f < oo and the infinite interval —oco <
X < 0o.

1. Let I', be a circular arc of radius r with its cen-
ter at the point z =1 that subtends an angle o
at z = 1. Denote by 6 the angle from z =1 to
a point on the arc, with 6 measured counter-
clockwise from the positive real axis such that
0 < 0 < «. Parametrize the arc I',, and find dz
on this arc.
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2. Given that f(z) = cosz/(z —1), use computer
algebra to display the integral

/1: ; f(z)dz

in terms of r and the parametrization of the arc
[y

3. Given that « = /3, compute the integral for
r = 0.01, 0.001, and 0.0001, and hence estimate
its limiting value as r — 0.

. Repeat Step 3, using o = 27/3.

. Repeat Step 3, using o« = 7.

. Repeat Step 3, using o = 57/3.

. Compare the results of Steps 3 through 6 with
the theoretical result fl‘z,, f(2)dz = 2mi cos(1),
and deduce the relationship between ;. f(z)dz
and [;, f(z)dz as a function of a.

Project 3

Complex Integrals around Deformed
Contours

Let a function f be analytic in a region D except at a fi-
nite number of points where it has simple poles, and let I’y
and I'; be any two contours in D both of which contain the
same poles. Then contour I'; can be considered to be a de-
formation of contour I'y. The purpose of the project is to
use computer algebra to verify, in particular cases, that the
integral around each of these contours is the same.

1. Let contour I'1 be the circle |z — 1| = 4 and con-
tour I'; be the circle |z — 2 — i| = 3. Parametrize
the contours, and in each case find dz on the
contour.

2. Giventhat f(z) = (3z —2)/(z* — 5z + 6), verify
that the poles of f(z) lie inside both I'; and I',.
Use the results of 1 with computer algebra to
find f. f(z)dz and [, f(z)dz, and hence show
that they are equal.

3. Use analysis to find [ f(z)dz, and so confirm
the results obtained in 2.

4. Parametrize the contour I'; given by |z —i| =
5, and by using computer algebra to integrate
around it in the clockwise sense, show that

. f(2)dz = — /1"3 f(z)dz.
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Project 4

The Cauchy Integral Formula for Derivatives

The purpose of this project is to use computer algebra
to verify the Cauchy integral formula for derivatives.

1. Parametrize the contour I' formed by the circle
|z =2 and find dzon T.

2. Given that f(z) = 2> +3z —7, use computer
algebra with the Cauchy integral formula to find
fQ@).

3. Given that f(z) = e%(z> +2z —1), use com-
puter algebra with the Cauchy integral formula
for derivatives to find f®)(1), and check the
result by differentiation.

Projects 5-7

The Number of Zeros of a Polynomial in
Each Quadrant of the z-Plane

Let a polynomial P(z) be nonvanishing on a simple closed
contour I', and let the total number of zeros of P(z) inside
I" be N when multiplicity is counted, so that if a zero z = a
is repeated m times it has multiplicity 7. Then

1 [P@,
27i Jr P(2) T

The proof is simple, because if P(z) has a zero of multiplic-
ity m at z = a inside T, it follows that P(z) can be written
P(z) = (z — a)"h(z), where h(a) # 0. Thus,

P’(z): m +h’(z)
P(z) (z—a) h(2)

and as P(z) # 0 on I' the expression on the right remains
finite on T', so integrating around I' gives

/r I;/((ZZ)) dz =2mim.

The result now follows by applying the preceding argument
to each zero inside I' and summing the multiplicities of the
zeros to obtain N.

The purpose of Projects 5 through 7 is to use the fore-
going result to find the number of zeros of the given polyno-
mial that lies in each quadrant. To accomplish this, suitable
finite size contours should be chosen and, where appropri-
ate, use should be made of the properties of the zeros of
polynomials contained in Theorem 1.2.

N.




Project 5

P(z) =2’ +3z+18.

Project 6

P(z) =z +2z+6.

Project 7

P(z) =2° +4iz+ 3i.

Project 8

Identifying Regions Where a Polynomial Has
No Zeros

The location of the zeros of polynomials is important in
many problems: for example, in linear differential equa-
tions, where the solution will only be stable if no zeros lie to
the right of the imaginary axis. The purpose of this project
is to apply a theorem (see reference [6.2], Theorem 6.4b)
that identifies a disc about a point z, which is not a zero
of a given polynomial, inside and on which the polynomial
has no zeros. This means that the reciprocal of the poly-
nomial is an analytic function inside and on the boundary
of the disc. The result is then to be verified numerically by

integrating the reciprocal of the polynomial around the
boundary of the disc and appealing to the Cauchy+Goursat
theorem that asserts the result must be zero.

Let the polynomial
PR)=z2"+a,12" 1+ - +a1z+ap

have real or complex coefficients, and let zp be any
complex number that is not a zero of P(z). Define the
numbers by, by, ..., b, by

1
by = %P(m)(ZO), by = P(z0) # 0,

where P")(z) = d"P(z)/dz" and PO)(z) = P(z).
Then if
1/m

bo

bm
the polynomial P(z) has no zeros inside or on the disc
|z = 20l < p(20).

Given P(z) = 24 + (1 +i)z® +2iz? + z + 2, using
a suitable value of zp apply the theorem to find a
disc with boundary T inside and on which P(z) has
no zeros. Confirm this by using computer algebra to
show numerically that, as expected from the Cauchy-
Goursat theorem, [.(1/P(z))dz = 0.

1 .
p(20) = > min

21<m=<n ’
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CHAPTER

Laurent Series, Residues,
and Contour Integration

he analytical evaluation of a general contour integral with integrand f(z) depends for

its success on what are called the residues at the poles of f(2). The residue of a function
f(2) at a pole is defined in terms of a special series expansion of f(2) about the pole called a
Laurent series. The Laurent series represents an extension of the conventional Taylor series
that is no longer applicable when an expansion of f(2) is required about a singular point.
Various ways of obtaining Laurent series are described, and it is shown how a contour
integral is related to the residues of the integrand f(2) that lie either inside or on the
contour of integration. Different types of contour integral are evaluated and integration
around a branch point of f(2) is considered.

15.1 . Complex Power Series and Taylor Series

B efore introducing complex power series and discussing their convergence, it is
necessary to recall the definition of a sequence. A sequence of real or complex
numbers, or of functions, is a set of such objects arranged in a specific order, so that
changing the order changes the sequence. It is conventional to enclose the terms of
a sequence in brackets by writing {. . .}. Typical examples of sequences are

11 1 11 )
1, 330 a1 51 6} ., afinite sequence of real numbers
! ! ! ! } an infinite sequence of complex
A+0) A+ W+ A+ bers ’
35 7,9 2n—1
zZ, —%, % —%, % A (—1)"+1h, .. } ,  an infinite sequence of

powers of z.
When working with sequences the expressions finite and infinite are used to

describe to the number of terms in a sequence, and not the magnitude of any of its
terms. In what follows our main concern will be with infinite sequences.
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sequences, series,
and nth partial sum

convergence,
divergence, cluster
points, and
neighborhoods

As the terms of a sequence occur in a specific order, they can be numbered
sequentially like uy, uy, us, ..., with the suffix indicating the position of a term in
the sequence. Because of this a sequence can be considered to be a function f
that assigns to each positive integer n the term u,, = f(n), where u, is called the
general term of the sequence. A convenient abbreviated notation for a sequence
{ur, uz, uz, .. .} is {u,})32, or, equivalently, { f(n)}>°,. In an infinite sequence the
behavior of the general term u,, as n — oo is its most important property, so when
numbering the terms it is usually immaterial whether the suffix of the first term is
0 or 1, so the notation for an infinite sequence is often simplified to {u,,}.

To illustrate how the general term of a sequence can be defined in terms of a
function with a positive integer argument, we consider the function

f0) = gsin f2e - DT ).

Setting z =nand u, = f(n),withn =1,2, ..., we obtain
41
up = (=1)" 137’
so the infinite sequence with u, as its general term becomes
1 1 1 1
{unie, = {3’ g } or, more simply, {(—1)”‘137} .

To understand the connection between infinite sequences and infinite series, let
Sy = Uy + up + - - - + u, be the sum of the first n terms of the infinite series Z;’;l U, =
u1 + up + uz + - - -. Then the sum of the series will be determined by the behavior
of s, as n — oo. The sum s, is called the nth partial sum of the series, and when the
terms of the series involve powers of the complex number z the nth partial sum will
become a function of z, written s,(z). For any fixed z and n the function s,(z) will
have a finite value. An infinite series S(z) with the nth partial sum s, (z) will be said
to converge to the value L when z = z if, as n — 00, lim,,, o, 5,(z) = L. If for some
2o this limit is not defined, or if it is infinite, the series will be said to be divergent,
or to diverge when z = zp. Determining the convergence of an infinite power series
involves finding the region in the z-plane where lim,_,  5,(2) is finite.

The tests for convergence that will be introduced later are applicable to the
most commonly occurring types of series involving powers of z, and although they
determine the region in the z-plane where the series converges, they do not deter-
mine the sum of the series.

A complex sequence {u,} is said to be bounded if some positive constant M
exists such that |u,| < M for all positive integers n, and if this condition is not
satisfied the sequence is said to be unbounded.

These ideas can be illustrated by considering the complex sequence {% +
(—1)"(;z57)i} that is seen to be bounded by 1 (not the sharpest bound), because the
modulus of every term is less than 1. A simple example of an unbounded complex
sequence is {ni"}.

A point « is called a cluster point, or a point of accumulation, of a sequence {u,, }
if every circle with its center at «, from which the point « itself has been deleted,
contains infinitely many points of the sequence. The interior of a circle with its
center at « is called a neighborhood of «, and a circle from which the single point «
at its center has been removed is called a deleted neighborhood of «. A sequence




limits and
convergence of
complex series
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{u,,} may have one or more cluster points, or possibly none, but when a cluster point
o exists it is not necessarily a member of the sequence.

It is not difficult to see that the sequence {é + (=1)"(;z%7)i} only has a single
cluster point at 1, and that in this case no member of the sequence is equal to %.
This means that however small a circle is drawn around the point %, infinitely many
terms of the sequence will lie inside it and only a finite number will lie outside it,
and no member of the sequence will lie at the center of the circle. Consequently,
all but a finite number of terms of the sequence will be contained in any deleted
neighborhood of the point %.

The most important type of sequence {u,} is one with only a single cluster point
L, called the limit of the sequence and written

lim z, = L.

n—0o0

A sequence with this property is said to converge to the limit L, and a sequence
that does not converge is said to be divergent.

An example of a convergent infinite sequence is {% +(=1D)(
this has a single cluster point at %, and so

. 1 . n . _1
nhl?o{éﬂ_l) <n2+1>l} 6

When expressed in words, the definition of the limit of a sequence says that a
sequence {u,} will have a limit Lif, and only if, however small we take the radius of a
circle with its center at L, there are infinitely many terms of the sequence inside the
circle and only finitely many outside it. The limit L of a convergent sequence {u,,}
is illustrated in Fig. 15.1 where the deleted neighborhood of L is indicated by the
interior of the circle centered on L with an arbitrarily small radius ¢. Finitely many
points of {u,} lie outside this circle and infinitely many lie inside it, and although
in the limit as n — oo, u,, — L, it is not necessary that L be a member of the
sequence.

A more precise definition of the limit of a convergent complex sequence can
be formulated as follows.

n
n2+1

)i}, because

Imaginary axis
z-plane

0 Real axis

FIGURE 15.1 A convergent complex sequence
{z,,} with limit L.
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A Convergent Sequence

A complex sequence {z,} will be said to converge to the limit Lif for every arbitrarily
small number ¢ > 0 a positive integer N can be found such that

|z. — L] <& foralln > N.

As this definition of the limit of a convergent sequence applies to real and
complex sequences, when L = [; + iL; is complex the definition implies that if
Zn = U, + iV, then

lim z, = lim (u, +iv,) = lim u, +i lim v, = Ly +iL,,
n— 00 n—oo n— 00 n—00

and so

lim u, = L; and lim v, = L,.
n—oQ n— 00

A formal proof of this result involves using the more precise definition of the
limit of a convergent sequence given earlier, but as the proof is straightforward the
details are left as an exercise.

Find any cluster points that belong to the following sequences and, where appro-
priate, find the limit of the sequence.

@ frecys il o m @ (2w ()

Solution

(a) As nincreases, the first two terms combine to give either 0 or 2, according as
n is odd or even, and the third term tends to zero as n — oo. Thus, as n increases,
so terms of the sequence cluster ever closer around the numbers 0 and 2, showing
that this sequence has two cluster points. Any small circle drawn around one of
the cluster points that excludes the other will contain infinitely many points of the
sequence, though infinitely many will remain outside it. This sequence is bounded
but has no limit because it has more than one cluster point, and so it is divergent.

(b) It is clear by inspection that this sequence is unbounded and has no cluster

points, so it is divergent.
2n+1 (3n*—1
in = + l 5 s
n n

(c) Setting
m+1 21
lim(n+ ):2 and lim<3n2 ):3,
n—o00 n n—o00 n

so this sequence is bounded and only has the single cluster point 2 + 3i. Thus, the
sequence converges to the limit 2 + 3i. This limit is not a member of the sequence,
because for no finite » is it true that z,, = 2 + 3i. [ |

we see that

The foregoing definition of convergence makes use of the limit of the sequence,
but this is not always easy to find, so it is desirable to have a test for convergence that
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does notinvolve the limit itself. This is made possible by introducing the concept of a
Cauchy sequence. A sequence {z,} is called a Cauchy sequence if for any arbitrarily
small number ¢ > 0 it is always possible to find an integer NV, usually depending on
g,such that |z,, — z,| < eforallm >n > N.

In effect, a Cauchy sequence is one with the property that, however small the
number ¢ is chosen, it is always possible to find a large positive integer N such that
the modulus of the difference between any two terms of the sequence with index
greater than N will always be less than ¢.

Although we omit the proof, it can be shown that a Cauchy sequence {z,} must
converge to a limit. This result forms our next theorem.

Cauchy convergence principle for sequences A sequence {z,} converges if, and
only if, for any arbitrary small number ¢ > 0 it is possible to find an integer N
depending on ¢ such that |z, — z,| < e forallm > n > N. ]

Use Theorem 15.1 to prove the convergence of the sequence {(cosnx)/n}.

Solution Setting z, = (cosnx)/n we have

COsSmm  COS N n|cos mm | + m|cos ni| m+n
|Zm — 2l = - = = .
m n mn mn

Now, if m > n > N, then

m+n 2m 2 2
<—=-< =,
mn mn n N
SO
2
IZm_Zn|<N~

Consequently, for any arbitrary ¢ > 0, provided N is chosen such that2/N < ¢, the
conditions of Theorem 15.1 are satisfied and the sequence converges. In this case
the convergence of the sequence to the limit 0 is obvious, because cosnr = (—1)",
so the general term of the sequence is simply (—1)"/n. [ |

It has already been shown that the sum of an infinite series can be regarded as
the limit of the operation of sequentially adding the terms of an infinite sequence.
Consequently, if the sequence of partial sums has a limit L, this must be the limit
of the infinite series formed in this manner. If the infinite series involves powers of
z, and so is a power series, its convergence or divergence will depend on z. For a
power series to be useful it will be necessary to determine the region in the z-plane
where it converges.

The proofs of the following results for complex series closely parallel the cor-
responding results for real series, so the results will merely be stated.

Limit of complex series Let z, = u, + iv,, and denote the nth partial sum of the
series )7, z, by

n n
S, = E Uy +1 E Vin-
m=1 m=1
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THEOREM 15.3

THEOREM 15.4

Then a necessary and sufficient condition for the series to converge is that the
sequences {Y . un} and {Y . _, v,} converge as n — oco. When this is true,
if im0 Y g Um = Ly and limy, 00 Y .y Vi = Lo, then lim, o s, = Ly + i Lo.

|

A necessary condition satisfied by convergent series If the series Y -, z, con-
verges, then lim,, . 2, = 0. [ |

The main use of this theorem is to establish the divergence of a series, because
if lim,,_, o 2, # O the series cannot converge. The theorem provides no information
about convergence, because the condition lim,,_, , z, = 0 is not sufficient to ensure
the convergence of a series. This is easily seen by considering the harmonic se-
ries Y oo, %, because setting z,, = % we see that lim,,_, o 7, = lim,,_, o, % = 0, but the
series is known to diverge.

Show the series > o2 (" =210) i divergent.

n=13n+4
. . 2 ; . 7 .
Solution The general term is z,, = "Mﬁ’ -However, lim,, ., 2, = § — %’ #0,so0it
follows from Theorem 15.3 that the series is divergent. ]

Convergence Tests for Complex Series

The relationship that exists between sequences and series allows the Cauchy con-
vergence principle for sequences to be reinterpreted for series in the following
form.

Cauchy convergence principle for series The infinite series ) - ; z, is convergent
if, and only if, for every arbitrarily small number ¢ > 0 a positive integer N can be
found depending on ¢ such that

|Zn+1 + Zn2 + -+ 2ur| <& foreverynm > Nandr =1,2,.... ™

Expressed in words, this theorem says that if an infinite series is convergent,
then, however small ¢, it is always possible to find a positive integer N such that
the modulus of the sum of any number of consecutive terms starting with index
greater than N will be less than ¢. If the series is written z; + 22 + - - - + 2, + Ry,
where Ry = Zpi1 + Zni2 + Zni3 + - = Yo +1 Zm 18 called the remainder after n
terms, the theorem asserts that | Ry| < ¢. In practical terms this means that if the
infinite series is approximated by the sum of the first N terms, the error involved
cannot exceed ¢.

A series ) o2 z, with the property that the sum of the moduli of z, is also
convergent is said to be absolutely convergent. Thus, the series Y - | z, is absolutely
convergent if the series

o0
Y Mzl = |zl + |zl + -
n=1

is convergent.
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If, however, the series fo:] z, 1s convergent but the series Z;’; |za|l = |z1] +
|z2] + - -+ is divergent, the series Y .-, z, is said to be conditionally convergent.
Absolute and conditional convergence are most easily illustrated by considering
the real series 1 — 3 4+ — - + - 4+ (=1)"*'1 4+ ... It is known from elementary
calculus that the sum of this series is In 2, and so it is convergent. However, the
sum of the absolute values is the harmonic series 1 + % + % + % 4+ ﬁ + -
which is known to be divergent, so the series 1 — 1 + % — i+t (—1)”*1% + -
is conditionally convergent.

One direct consequence of Theorem 15.4 is that absolute convergence implies
convergence. Another consequence of the theorem is the following result, which
we state in the form of a theorem.

Comparison test for convergence Let a series ) - z, = z1 + 22 + - - - be given,
and let the series ) .-, b, with nonnegative terms b, be convergent and such that
|z2| < b, forn=1,2,.... Then the series ZZO:1 Z,, 1s absolutely convergent.

Proof Astheseries) -, b, is convergent by hypothesis, for any ¢ > 0 there exists
an integer N such that b, 1 + b2+ -+ by <eforalln > Nandr =1,2,....
As |z,4| < b, for every n, it follows that

[Zn1| + |Zag2| + -+ | zZngr | byt +bpga + -+ byyy < e,

so by Theorem 15.4 the series Y -, |z4] = |z1| + |z2| + - - - converges, showing the
series ) .-, z, to be absolutely convergent. [ |

Several tests for convergence use, for purposes of comparison, the infinite
geometric series

o0

Zr”=1+r+r2+---,

n=0
which an elementary argument shows converges to the sum 1/(1 — r) if |r| < 1, and
diverges if |r| > 1.

Because the convergence of an infinite geometric series depends on the magni-
tude of |r|, convergence tests based on a comparison with the geometric series lead
to tests for absolute convergence. When these tests are applied to real series with
positive terms they become tests for convergence. The most important and useful
of these tests are the ratio and nth root tests.

The ratio test Let a series Z;’;l Zn =21 + 25 + -+ -, in which no term is zero, be
such that
. %
lim |2 = L.
n—oo | z,

Then the absolute convergence or divergence of the series is determined by the
following conditions:

(i) If L < 1, the series converges absolutely

(i) If L > 1, the series diverges

(iii) If L = 1, the test fails and no conclusion can be drawn about the convergence
of the series.



798 Chapter 15

Laurent Series, Residues, and Contour Integration

Proof Suppose that |z,,1/z,| < « < 1for n greater than some positive integer N.
Then |z,11| < |z,| and we have

2
[Zna2l < alznsals  lznvas| < aleviel < aflavpals ..

leading to the general result |2y | < & Hzny1l.
If Ry is the remainder of the series after N terms, this last result allows its
modulus to be estimated by

|RN| < lzngl + 1zns2l + |zogal + - < lznvpal(l + o+ a? +a® + ).

The bracketed geometricseries converges whena < 1,soas|Ry|is bounded the
series )~ z, is absolutely convergent. Conversely, the bracketed geometric series
is divergent if o] > 1, showing that then the series Y -, z, must be divergent. If
o = 1thetestfailsin the sense thatit provides no information about the convergence
of the series. The statement of the theorem follows directly from these conclusions.

|

It is important to recognize that the real constant « in the ratio test must be
strictly less than 1. This is essential in order to exclude series such as the harmonic
series that, although divergent, have a limiting ratio |z,,1/z,| that approaches arbi-
trarily close to 1 as n — oo.

Apply the ratio test to the series
n+1

> i1 1! > il 2
@ ST o) 2(3 e © L0

Solution

(a) Setting z, = (—1)""'n!/n" we find that

_(n+ D" 1\™
 (n+ 1! 1—i_n ’

but from from Table 15.1 it is seen that lim,,_, (1 + %)‘” =1/e,so

1
=- <1
e

Zn+1
n

Zn+1
n

lim

n—00

Thus, as L=1/e < 1, it follows from the ratio test that the series is absolutely
convergent.

(b) Setting z, = i"/(3n + 2)* we find that

Zupt| _ (3n+2)°
2 | \3n+5) "
SO
. Zn+1 . 3n+2 2
lim = lim =
n—oo | z, n—oo \ 3n+ 5

In this case the limit L = 1, so the ratio test fails. In fact, the series is absolutely
convergent, as may be seen by comparison with the convergent series Y oo, 1/n?
given in Table 15.1.
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TABLE 15.1 Some Useful Comparison Series and Limits

1 o 1 1 1 1 1 1 _
. n;;_ +i+i+§~-+m+-~_e (convergent)

& 1 1 1 1 1

2. V;(—l)"a =1- m + 21731 tot (‘U"a +---=1/e (absolutely convergent)

3 i( 1y ! 1 ! + ! +( l)”+11 + In2 (conditionally convergent)

) _ el (= = i

o n 2 3 n y &
=1 1 1 1

4. —=l4+-+++—-+- di t; this is the A i i
; . + 3 + 3 +o 4 . + (divergent; this is the harmonic series)
= n 2 3 n 1 .

S. Za =l4+a+o "4+ +a"+- = —— (convergent for |«| < 1 and divergent for

11—« s . .

n=0 |a| > 1; this is the geometric series)
1 11 1 7’

6. ;;=1+272+372+”'+ﬁ+'”=? (convergent)
> 1 1 1 1 2

7. ;(*1)”“? =1- ) + 37 + (*1)"“? +o= % (absolutely convergent)
1 1 1 1

8. Z— =l+—4+—=—4+-4+—=+-- (convergent if @ > 1 and divergent if 0 < & < 1;

n« 20 3« no .. . .

n=1 this is the harmonic series of order «)

10. lim ¥n=
11. lim — =0

12. lim — = o0

2n+1

(¢) Setting z, = (—1)"t'2 we have
g n+2
Znt1 _2<n+2)
Zn n+3)’
SO
2
lim |2+ =2 lim (”+ ) =2,
n—oo | z, n—oo \ n + 3

showing that L = 2, but as L > 1 the ratio test shows this series to be divergent.
|

The nth root test can be established in a manner similar to that of the ratio test,
so the details of its proof will be omitted.

The nth root test for convergence Let a series Y .-, z, =21 + 22 + - - -, in which
no term is zero, be such that

lim /z, = L.

n—0o0
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complex power series

Then the absolute convergence and divergence of the series is determined by the
following conditions:

(i) If L < 1, the series converges absolutely
(ii) If L > 1, the series diverges

(iii) If L = 1 the test fails, and no conclusion can be drawn about the convergence
of the series. u

Find conditions on the real constant « in order that the series

2

i an \" i
an+1

n=1

is absolutely convergent.

Solution Setting z, = (%)”Zi” we have

and making use of a limit in Table 15.1 we see that
L= lim /|z,|] = 1/61/"‘ =e Ve,
n— 00

As L<1if a >0and L>1 if a <0, the nth root test shows that the series is
absolutely convergent if @ > 0 and divergent if o < 0. ]

Complex Power Series and Circles
of Convergence

A series of the form

o0
daz—)" =a+a(z— ) +a(z— 20+ +az—20)" +-,

n=0

(1

in which the a,, z, and zy are complex, is called a complex series in powers of
Z — 20, or simply a complex power series, expanded about the point zy. In complex
power series the complex number zj is often called the center of the series. The
convergence of such series depends on the coefficients of the series, that is, the
numbers a,, on the complex variable z, and on the point zg about which the series
is expanded. To determine the conditions to be imposed on a,, z, and zy in order
to ensure convergence, we apply either the ratio test or the nth root test to the nth
term a,(z — z9)" of the complex power series in (1).
An application of the ratio test shows that the series will be convergent if

ﬂn+1(Z - ZO)"+1
an(z — 20)"

Apt1
an

= lim

n— 00

L= lim

n—0o0o

|z —z0l <1,




radius and circle
of convergence

Section 15.1 Complex Power Series and Taylor Series 801

and this is equivalent to the condition

n—>00 | Ap 1
where the number
R = lim (3)
n=00 | apy1

is called the radius of convergence of the complex power series in (1). In terms of
R the condition for absolute convergence in (2) becomes

|Z_Z()| < R’ (4)

showing that the series is absolutely convergent for all z inside a circle of radius R
with its center at the point z.

A similar argument applied to the complex power series in (1), but this time
using the nth root test, gives

L= lim \n/ lan(z — z0)"| = lim /|anllz — 20l < 1,
n—00 n— 00

showing that the series will be absolutely convergent if
|z— 20| < R, where R=1/ lim +/|ay]|. (5)
hn—00

Summarizing these results, we see that the radius of convergence R of the power
series in (1) and its associated circle of convergence, that is, the circle |z — z9| < R,
can be found either from

R= lim ,  with |z — 20| < R, (6)
n—=>00 | p 41
or from
R=1/ lim {/|a,|, with|z— z)| <R. (7)

The choice of which one of these results to use in practice is determined by whichever
limit is the simpler to evaluate.

Find the radius and circle of convergence of the power series

(a)z(z_i)n and (b) ZW@—W.
n=1 n=1

n

Solution
(a) In this case result (6) is simpler to use, so setting a, = 1/n and zy = i gives

n+1
n

R = lim

n—00o

=
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z-plane z-plane

2i

3 /@

R
0 x 0 U x

(a) (b)
FIGURE 15.2 Circles of convergence.

So the radius of convergence is R = 1 and the circle of convergence is |z —i| < 1.
This is illustrated in Fig. 15.2a.

(b) Here result (7) is simpler to use, so setting a,, = nG+20)"

35— and zg = 1 gives

n(5+2iy
3}’!

R=1/lim /|

n—o00

3 3
= lim (1/3/n) = ——,
57 2 m /¥/n) 7%
where when determining the limit use has been made of entry 10 in Table 15.1. This
series converges in a circle of radius R = 3/ V29 with its center at the point zp = 1,
as shown in Fig. 15.2b.

Power series define functions, so it is necessary to know if they possess the prop-
erty of continuity, and whether they can be added, multiplied, differentiated, and
integrated. Furthermore, as each partial sum s, (z) of a power series is a polynomial
in z, and so is an analytic function, it is necessary to know if the power series itself is
also an analytic function. The answer to each of these questions is in the affirmative,
and they form the substance of the next theorem. ]

THEOREM 15.8 Properties of power series Power series with finite circles of convergence possesses

the following properties:
important properties

of complex power (i) A power series represents a continuous function at each point inside its circle
series of convergence.

(ii) If two power series expanded about the same point have the same circle of
convergence D and the same sum at each point of D, then they are identical.

(iii) If two power series with sums f(z) and g(z) and circles of convergence D
and D, are added or subtracted term by term, the result is a power series that
converges to the sum f(z) + g(z) with a circle of convergence that is at least equal
to the largest circle that can be drawn in the region common to D; and D;.

(iv) If two power series with sums f(z) and g(z) and circles of convergence D;
and D, are multiplied, the result is a power series that converges to the product
f(z)g(z) with a circle of convergence that is at least equal to the largest circle that
can be drawn in the region common to D; and D;.

(v) If a power series with the sum f(z) and a circle of convergence D are differ-
entiated term by term, the result is a power series that converges to f’(z) at each
pointin D.
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(vi) If a power series with the sum f(z) and a circle of convergence D is integrated
term by term, the result is a sum that converges to [ f(z)dz at each point in D.

(vii) A power series with a circle of convergence D is an analytic function in D.

Proof Only results with proofs that are straightforward will be outlined in order
to avoid introducing unnecessary complication.

(i) It will be sufficient to prove that a power series f(z) =Y oo, a,2" with a
nonzero radius of convergence R and circle of convergence I' represents a contin-
uous function of z at every point inside I'. This is because if the power series is
expanded about a point zy instead of the origin, the change of variable w = z — zp
will reduce it to this case. Continuity will be proved if we can show that for any
point ¢ inside I" and for any given ¢ > 0, it follows that | f(z) — f(¢)| < e for all z
inside I' such that [z — ¢| < 4.

Set f(z) = Sn(z) + Rn(z), where Sn(z) =Y~ a,z" and the remainder
Rn(z) = Y 2 vanz". Let D be the interior and boundary of any circle C with its
center at the origin and its radius r < R. Then to proceed further it is necessary
to anticipate the result of Theorem 15.11 by using the uniform convergence of the
power series in C to guarantee the existence of a positive integer N = N(¢) such
that | f(z) — Sn(2)| < 3¢ for all zin D. The series Sy(z) is simply a polynomial in
z, so it follows that it must be a continuous function of z. Consequently, with this
value of N, there must be a § > 0 such that |Sy(z) — Sn(¢)| < %e when |z —¢| < 4.

Then, for all zin D such that |z — ¢| < §, we can write

1f(2) = F(O)I =1(2) = Sn(2) + Sn(2) = Sn(5) + Sn(5) = f(¢)]
= 1f(2) = Sn(2)l + ISn(2) = SN (D) + 1S3 (¢) = f(2)
< %84—%8-{—%8:8,
so the continuity of the power series at all points of D has been established. The

statement of the theorem now follows because C is any circle with its center at the
origin withr < R.

(i) As with (i), it will be sufficient to consider the two power series expanded
about the origin ), a,z" and ).~ ) b,z", each with the same circle of convergence
D throughout which each converges to the same sum. Then for all zin D we have,
by hypothesis,

ag+ az+mZ + a3z + - =by+biz+ b + b3+

By (i) the sums are continuous at z = 0, so ay = by. Cancelling these terms and
removing a factor z, we arrive at the result

am+amztat 4+ =b+bz+b 4,

and a repetition of the argument shows that a; = b;. Continuing this process by
induction, we conclude that a, = b, for n =0, 1,2, ..., so the uniqueness of the
power series has been proved.

(iii) The result follows by adding or subtracting the two nth partial sums and
proceeding to the limit as n — oco.

(iv) Though not difficult, the proof of this result is lengthy and so will be omitted.

(v) Let the circle of convergence of f(z) be D. The convergence of the differen-
tiated series to f'(z), and the demonstration that the differentiated series has the
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THEOREM 15.9

the complex form
of Taylor’s series

same circle of convergence D, follows by using term-by-term differentiation and
applying the ratio test to the result.

(vi) Let the circle of convergence of f(z) be D. Then the convergence of the
integrated series to [ f(z)dz, and the demonstration that the integrated series has
the same circle of convergence D, follows by using term-by-term integration and
applying the ratio test to the result.

(vii) The details of the proof of this result are complicated and so will be omitted.
|

Complex power series arise in many different ways, the most frequent of which
is in the form of Taylor series expansions of functions. The Taylor series expansion
of an analytic function f about the point zj takes the same form as the Taylor series
for a function of a real variable, though the derivation of the result is different.

Taylor’s theorem Let f(z) be an analytic function of z at the point zy, and let it

also be analytic inside a circle C given by |z — zo| = r that forms a neighborhood of
Z0. Then there exists a power series

o0
> " an(z — 20)"
n=0

with coefficients a, determined by the formula

_ ")

forn=0,1,2,...,
n!

n

which converges to f(¢) for every ¢ inside the circle C and is such that

0 f£(n)
ey =3 L@ gy
n=0

n:

Proof Without loss of generality the result will be proved for zy = 0, because a
change of origin extends the result to the case zy # 0. The proof is based on the
Cauchy integral formula for derivatives and makes use of the identity

1@ _ 1@, f@ WA A€
Z2

7—¢ z el (z—0)z"’

which is easily verified for z # 0 and z # ¢.

As zp = 0, the circle C in the theorem becomes the circle |z| = r. If we multiply
the preceding identity by 1/(27i) and integrate around any positively oriented circle
I" inside C with its center at the origin and radius p(0 < p < r), it follows from the
analytic nature of f(¢) and the Cauchy integral formula for derivatives that

17 (n-1)
1© = 1O+ e+ 220 o %5)0')

" AN
2mi Jr (z—8)7"
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This is Taylor’s theorem with a remainder, where the last term is the remainder
R, after n terms. The proof will be complete once we have shown that R, — 0 as
n — oo. From the maximum modulus theorem we know that a number M > 0 can
be found such that | f(z)| < M for all z inside the circle I', so on T’

@ | M)
-0 T lz—¢llz]
Using this result in R, leads to the estimate
1 ¢"f(2) ‘ L M ¢ Mp |t
=i o™ S iz |z 7P T kel

Now as z lies on I" and ¢ is inside I, it follows that |¢/z| < 1, and so |¢/z|" — O as
n — oo. The result |z| = p allows the elementary inequality |z — ¢| > ||z| — [¢]| to
be written as |z — | > |p — |¢||, so that the expression for | R, | becomes

n

g
z

M,
|Rn|<—p

~ e =1l

Finally, as |¢| is a constant and |¢/z]" — 0 as n — oo, proceeding to the limit as
n — oo shows that lim,,_, o, |R,| = 0, and hence that lim,,_, o, R, = 0. Thus, we have
proved that

o0 £(n)
)=y L0
n=0 :

n

at all points inside I'. As 0 < p < r, this result is also true for all points inside C.
The proof is complete. u

BROOKE TAYLOR (1685-1731)

An English mathematician educated at Cambridge and whose interests extended beyond
mathematics to religion and philosophy. He was responsible for the introduction into mathe-
matics of the method of finite differences in a work published between 1715 and 1717,

that also contained what is now known as “Taylor’s Theorem.” Taylor did not consider the
convergence of his series and it was not until a century later that Cauchy provided a satisfactory
convergence proof. Taylor obtained a series solution for an initial value problem for a differential
equation by repeatedly differentiating the equation to find the coefficients to substitute into his
series solution.

The complex power series
o0 £(n)
=3By ®
n=0 .

is called the Taylor series of the analytic function f(¢) expanded about the point (or
center) z9, and when zy = 0 this becomes the Maclaurin series expansion of f(¢).

The derivation of Taylor’s theorem shows that the radius of convergence of the
Taylor series of a function with its center at z will be the radius of the largest circle
centered on g inside which the function is analytic.
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other ways of
finding Taylor
series expansions

Find the Taylor series expansion of f(z) = cos z with its center at zp = ¢, and hence
deduce its Maclaurin series expansion.

Solution The cosine function is an entire function and so can be expanded as a
power series about any center, so the resulting series will have an arbitrarily large
radius of convergence.
Routine differentiation gives
d[cos z] in d*[cos 7] cos d?[cos 7] sin d*[cos z] cos
———— =-singz ——5— =-C087 — —=— =singz ——— =CO0SZ...,
dz dz? dz? dz*
so substituting these results in the Taylor series (8), setting zo = ¢, and replacing ¢
by z shows the required Taylor series to be

CoSsc

sinc
cosz—cosc——(z ) — —FT(z—C)3 ( —o)t =
The cosine function is an entire function, so this series converges for all z.
The Maclaurin series for cos z is obtained from this by setting ¢ = 0, when we
find that

2n 2 4
Z Z u

n —
cosz-Z( 1) (2 )'— 2!—|—4!

It is seen from this example that the complex Maclaurin series for cos z can
be obtained from the corresponding series involving the real variable x by simply
replacing x by z. This result remains true in general for Taylor series of elementary
functions of a real variable. Some useful results that can be obtained in this manner
are listed next. Here, for completeness, the expansion of cos z has been included:

0 7 2
Z: _1 9
e ;;n +z+2'+ lz] <00 )
2n+1 Z3 ZS
smz-Z( (2 G i =T a Ty 2] < 00 (10)
2" z
cosz:Z(—l)”(zn)! = _§+E_“" lz| < o0 (11)
n=0
1z ?
Log(1 +z) = Z( 1)+ =i-g g ld<l (12)
n=1
) 0 Z2n+1 Z3 ZS
s1nhz=§7(2n+1)!=Z+§+§+'~, |z < o0 (13)
2
coshz—X:(2 0o +2 +4 + - |z] < o0. (14)

Alternative Ways of Obtaining Power
Series Expansions

A Taylor series is a power series, so it follows from the uniqueness of power series in
Theorem 15.8 (ii) that however a power series expansion of a function f(z) about a
point zp is obtained, it must be the Taylor series expansion of the function about the
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same point. This property of power series is of considerable practical importance,
because itis often easier to obtain a power series expansion of a function by methods
that do not require the repeated differentiations needed to find the coefficients of
a Taylor series. Typical ways in which power series expansions of functions can be
obtained are by substitution into known simpler series, by multiplication of series, by
use of the binomial theorem, or by differentiation or integration of known simpler
series. Some representative examples of these ways are given below.

Expansion by the binomial theorem
and a substitution

Find the Taylor series expansion of f(z) = (8 + z)~/? about the point zg = 1.

Solution To introduce powers of (z— 1) into the expansion we write f(z) =
(842" as

o
31+ 5=

and after setting u = z — 1 we expand %(1 + %u)‘l/2 by the binomial theorem to
obtain

f(z) =

RN U R U
31+ 10”3 54" T 648" T 34992"

34

Replacing u by z — 1 we arrive at the required Taylor series expansion about the
point zp = 1:

1 1 1 1

. (71
G107 3 50 Ve

5
34992

(z—1)° - (z=10+---.
The binomial expansion of (1 + %u)’l/2 converges for |u/9] < 1, so the required
Taylor series converges for [z — 1| < 9. ]

Series obtained by integration
Find the Maclaurin series expansion of Arcsin z.

Solution We start from the result

o dz
arcsin z = m .

Expanding the integrand by the binomial theorem and integrating term by term
gives the power series expansion for the general function arcsin z. Confining atten-
tion to the principal branch Arcsin z for which Arcsin 0 = 0 shows that the arbitrary
integration constant is zero, so

1 3 5
A : — -3 =5 )
resin Z Z+6Z +4OZ + 1122 +

As the principal branch is required, we must restrict z so that Re{Arcsin z} < |7/2|.
|
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Series obtained by using a partial
fraction representation

Find the Taylor series expansion of f(z) = 1/[(z — 2)(z — 3)] about the point zy = 1.

Solution To introduce powers of (z — 1) we write f(z) as
1
MO ey -2
and setu = z — 1. A partial fraction expansion of the resulting expression in u gives
1 1 1 1
u-Dw-2) (-u 2(1-1u

Expanding each of these terms by the binomial theorem and combining the results
gives

L 1+3 +7u2+15u3+
e —Uu —_ —_ cee
w—-1Dwm—-2) 2 4 8 16

Replacing u by z — 1 shows that the required Taylor series expansion is

1 1 3 7 15

= 4+ (=D + (=1 (1)
G—2=3 2 TaE - DHgl-D+ =D+

The binomial series for (z —2)~! converges for |z <2 and the series for

(z—3)~"' converges for |z| < 3, so as both will converge for |z| < 2, this must be

the circle of convergence for the required Taylor series. ]

Series obtained by multiplication of series

Find up to the term in z° the Maclaurin series expansion of

f(z) =

sin z
(1+32%)

Solution We will obtain the result by multiplying together an appropriate number
of terms of the Maclaurin series expansion of sin z and the binomial series expansion
of (1 + 3z%)~!. To obtain a result accurate to the term in z> we will need to multiply
the truncated series

Z5

smz=z—€+@+~-~
and the truncated binomial expansion
o =1-3249"—-..
(1+32%)

This gives

sin 1 1
(1_:_73222)2(Z—6Z3+m25—'-'>(1—3Z2+9Z4—"')

19 , 1141
—Z—FZ?"I—WZ — e
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The series for sin z converges for all z, but the binomial expansion of (1 + 3z?)~!
only converges for |z] < 1/ V3,50 the required Maclaurin series converges for |z| <

1/4/3. [ ]

Find up to the term in z° the Maclaurin series expansion of f(z) = [log(1 — 2)],
using the branch of the logarithmic function for which log1 = 2.

Solution The principal branch is the function Log(1 — z) for which Log 1 = 0, and
routine differentiation shows the Maclaurin series expansion of Log(1 — z) to be

Using the result ¢>™ = 1, we can write

log(1 — z) = Log[e”™ (1 — 2)]
= Loge”™ + Log(l — z) = 27i + Log(1 — 2),

showing that the appropriate branch of the logarithmic function has the Maclaurin
series expansion

Multiplying the series [log(1 — z)]* term by term and collecting all terms up to and
including terms in z°, we obtain

i
[log(1 — 2)]? = —4n? —4niz + (1 — 27i)? + <1 - %) 2

T Y L
12 Tl | Z 6 57Tl Z

A careful examination of the coefficients in the series shows that it can be
written more systematically as

2 2 . . Z2 1 . Z3
[log(1 —2)]" = —4n" +2 —2m+(1—2m)5+ 14 = —2ni | =

2 3
Y COIE I L S )

The series for Log(1 — z) converges for |z| < 1, so the series for [log(1 — z)]? also
converges for |z] < 1. [ |

Complex sequences and series have been defined. Tests for the convergence of complex
power series were derived that gave rise to the notions of the radius and circle of conver-
gence of the series. These tests are immediate extensions of the corresponding tests for
real power series. The complex form of Taylor’s theorem was derived, and alternative and
often simpler methods for deriving Taylor series were illustrated by example.
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EXERCISES 15.1

In Exercises 1 through 4 identify any cluster points that exist,
determine whether they belong to the sequence and, where
appropriate, find the limit of the sequence. State when a
sequence is divergent.

L (a) {1+(_1)n}. (b) {[1+(—1)"] (2”:1)}
© {2n+é}
2. (a) (7). (b) {”“ (_nlz)"I.

(c) {n sin ;].

3. (a) <1+%)} (b) {<2n2n+1)tanj—n}.

(¢) {1 +sinnx}.

4. (a) 1+cosnn+%}. (b) {(Z;i)n}

(c) tan<% — %) }

In Exercises 5 through 22 use an appropriate test to deter-
mine the nature of the convergence of the series, stating
when a series is divergent.

o0 o0 1
5. C(r’;” 13. ; T

S 2 \n
14. Z”(Zit’)

3
Il

=)

(¢
[\S]
+
~~~
z

=

n=1 n=1

> 1 © n(2i —1)"
7. . 15. == 2
7 Z( ) 3n

a n o 1
8. ) (1. 16. ) ——.
; ; n(3+1i)

= n _ n #
9. n§:1:(3¢ﬁ . 17. > =Ty

. (ny’ n—(=1y"
10. ; (2’1)!. 18' T.

n(3 —2i)—3i

x 2n(4+2i)—17"
1205 tan® - 20. b=
;ann [n(2+i)+3]

In Exercises 21 through 34 find the radius of convergence
and circle of convergence of the complex power series.

2

11. i(—])nﬂ sin lz 19. i(_l)rﬂrl [M]n
n=1 n n=1
2

S z o _1\n—1 (Z_S)n
21. ;nZ 28. ;( LTI
o Z2n—1 o) (Z+3)n
22. 29.
—~2n—1 ; n?
0 2n—122n—1 0 (Z _ 2)n
pX T Y un— LYy
3 ; (4n — 3)? 30 ; 2"(2n —1)
o0 Zn o0
24. —1)y e, 3.0 "7
;( )y ;
25. ) nlZ'. 32. ) (1+ni).
n=1 n=1
= z >\ (14 2ni\"
1)yt
26. ;( DT 33.Z<n+2i> Z

27. g <$) (g)” 34. Z (Zn_ ifl)n.

n=1

In Exercises 35 through 44 use Taylor’s theorem to find the
first four terms of the expansion of f(z) about the given
center.

sin z

35. f(z)= 1

36. f(z) = cosh(1 + 3z%) with the center 1.
37. f(z) = sinh(2 — 3z) with the center 1.

with the center 7 /4.
z

38. f(z) =Log (%ﬁ) with the center —1 (Log 1 = 0).
b4

¥ @)= (z+3i)(z —2i)

40. f(z) = cos(2z — i) with center i.

41. f(z) = [cos z]* with center 0 and f(0) = 1.

42. f(z) = exp{zsin z} with center 0.

43. f(z) = (z+1)"/? with center 0 and f(0) = (1 +i)/v/2.

44. f(z) = cos’(z — i) with center —i.

with center i.

In Exercises 45 through 56 use the most appropriate alter-
native method to find the first four nonvanishing terms in
the expansion of f(z) about the given center.

! 1
45. f(z2) = % with the center 0 and v/1 = 1,
log1 = 4mi.
z
46. =——————— with ter —1.
f(2) Z=3)(z+2) with center
1_
47. f(z) = 2 COSZ Gith center 0.
(1-2y
48. f(z) = LS with center 2.

2



49

5

=

51
52
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1+z . “sinu
. f(z) = T2 with center 0. 53. f(z) = /{; Tdu'

1

. f(z) =log (1 i— i) with center 0 and log 1 = 2.

. f(z) = Arctan z with center 0 (Arctan 0 = 0).

54. f(z) = (1 — z)~* with center —1.

55. f(z) = 15%22 with center 0.

. f(z) = [Arctan z]* with center 0 (Arctan 0 = 0). 56. f(z) = [cos2z]* with center /4.

15.2 . Uniform Convergence
I

uniform convergence

The detailed arguments in this section may be omitted at a first reading, but before
doing so, the reader should review the important properties of power series listed
in Theorem 15.8.

A power series possesses a special property called uniform convergence in any
region D of the complex plane where it is convergent. This enables power series
to be manipulated as though they were ordinary functions while still retaining the
property of uniform convergence.

If {uo(z), u1(z), uo(z), ...} is an infinite sequence of functions, a series of the
form

Zun(Z) = uo(z) + u1(z) + uz(z) + - - - (15)
n=0
is called a functional series, and this becomes the power series

Zan(z— Zo)" =ao+a1(z— Z0)+02(Z—Z0)2+-", (16)
n=0

with its center at zop when u,,(z) = a,(z — z0)". As with power series, the nth partial
sum of the functional series (15) is denoted by s,,(z), where

5n(2) = up(2) + u1(2) + ua(z) + - - + up—1(2). (17)

Uniform Convergence

The functional series (15) is said to converge uniformly to the sum U(z) in a region
D of the complex plane if for every arbitrary number ¢ > 0 it is possible to find a
number N = N(¢) that depends on ¢, but not on z, such that

|U(z) —su(2)] <¢ forallm > N andall zin D. (18)

It follows from this definition that the power series (16) will be uniformly
convergent in D if it can be shown that

iak(l — z)*

k=n

<¢ forallm> N andallzin D. (19)
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THEOREM 15.10

the simplest test for
uniform convergence

A comparison of the definitions of uniform convergence and convergence
shows that whereas for convergence the number N depends on ¢ and the value
of z, in the case of uniform convergence the number N depends only on ¢, and not
on z. It is because of the independence of the convergence on the value of zin D
that the term uniform is used to describe this powerful form of convergence.

In practical terms, if a power series converges uniformly to f(z) in a circle of
convergence D, and it is known that when n = N the Nth partial sum sy(z) at a
point zp in D approximates f(zo) in such a way that

| f(20) — sn(z0)| < &

for some known small number ¢ > 0, then sy(z) will approximate f(z) with the
same accuracy for all points z in D. This is not the case for series that are not
uniformly convergent, because in that case the number of terms needed in the
partial sum to maintain the accuracy will depend on the value of z.

The following theorem, called the Weierstrass M-test, provides the simplest
test for uniform convergence.

Weierstrass M-test Let the functional series ) ., u,(z) be such that for each n,
lun(z)| < M, forall zin a domain D. Then if the series of positive constants Y .~ M,
converges, the series > -, u,(2) is uniformly convergent in D.

Proof Let s,(z) and s,4,(2) be the nth and (n + p)th partial sums of the series,
with p > 0 any positive integer. Then

1$n+p(2) = $n(2)| = |un(2) + tn1(2) + - - - + tnyp(2)]
n+p

< un(D)| + a1 (D] + -+ + [ty p ()] = D M,
k=n

where repeated use has been made of the triangle inequality.

By hypothesis the series > - ; M, is convergent, so it follows from the Cauchy
convergence principle that the sum Y 7*” M can be made arbitrarily small by
making n sufficiently large, so a function U(z) exists such that U(z) = lim,,_, o 5,(2).
This has established that the conditions of the theorem ensure that the functional
series is convergent.

To show that the convergence is uniform it is only necessary to notice that for
any ¢ > 0, the convergence of >, M, means that a positive integer N(¢) can be
found such that if n > N(¢), then ) 3~ My < €. So, forn > N(¢) and all zin D,

o0 o0
Zuk(Z) < ZMk <&,
k=n k=n

and the theorem is proved. [ ]

|U(2) = su(2)| =

Prove that the power series Y - (2" =14 z+ 2% + -+ + 2" 4 - - - is uniformly con-
vergent inside the unit circle |z| = 1.
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a power series
converges uniformly
inside its circle of
convergence

THEOREM 15.12

a power series can
be differentiated
and integrated
inside its circle of
convergence
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Solution Let z* be a point inside the unit circle |z| = 1 and write |z*| = 7,507 < 1
and |(z*)"| = r" < 1. Setting M,, = r" in the Weierstrass M-test, we obtain

o0 o0 1
ZMn<Zr”= T withr < 1.
n=0 n=0

As the conditions of the theorem are satisfied, the series is uniformly convergent
everywhere inside the unit circle |z| = 1.

This result is not unexpected, because > -, z" is the Maclaurin series expansion
of 1/(1 — z), and this is an analytic function inside the unit circle. ]

From now on attention will be confined to power series, and the next theo-
rem generalizes the result of the last example by proving that every power series
converges uniformly inside its circle of convergence.

Uniform convergence of power series A power series Y -, a,(z — z0)" with a
radius of convergence R > 0 converges uniformly inside and on every circle
|z —zo| =r, wherer < R.

Proof The proof of the theorem makes use of the Weierstrass M-test. From
the definition of the radius of convergence of a series it follows that the series
Yoo an(z — zo)" is absolutely convergent for [z — zo| < r, so for any z = ¢ on the
circle |z — zo| = r the series

(o] o0
Y lan(@ = 20)"1= ) lanlr"
n=0 n=0

must also be convergent. Hence, for all z inside and on the circle |z — z9| = r, the
following inequality must hold:

lan(z — z0)"| < lan|r".

The statement of the theorem now follows from this result and the convergence of
the series Y - |a,|r" if we apply the Weierstrass M-test to the power series with
M, = |a,|r". [ |

The result of Example 15.13 is a special case of this theorem. An examination
of the series ) - ; 2" shows that its radius of convergence is R = 1, so as the series is
a power series expansion with the origin as center it is uniformly convergent inside
the circle |z| = 1, as was shown directly in the example.

It is useful to use Theorem 15.11 to reformulate the results of Theorem 15.8
concerning the differentiation and integration of power series.

Differentiation and integration of power series Let a power series with the sum
f(z) have a circle of convergence |z — z9| = R, where R > 0. Then the series pos-
sesses the following properties:

(i) The power series converges uniformly to f(z) inside the circle of convergence.

(i) The power series obtained by term-by-term differentiation of the power series
for f(z) converges uniformly to f’(z) and has the same circle of convergence as
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f(z),s0if
flz) = i a,(z—z0)", then f/(z)= i na,(z — z0)" L.
n=0 n=1

(iii) The power series obtained by term-by-term integration of the power series
for f(z) along any path I' inside the circle of convergence converges uniformly to
the integral of f(z) along I', so if

flz) = ian(z —z0)", then / f(z)dz = i“" /(z — 20)"dz. ]
n=0 r r

n=0

Use the Maclaurin series for 1/(1 — 2z) to find the Maclaurin series for 1/(1 — 2z)?,
and confirm that both series have the same circle of convergence.

Solution The Maclaurin series expansion is obtained most easily by writing the
function in the form (1 — 2z)~! and expanding it by the binomial theorem, when
we obtain
1 oo

— =(1-22)"'=142z4222 4 =) 2"

-2 ( 2) +2z+2°2° + HZ;) z
This binomial series is convergent for |z| < 1/2, so this is the circle of convergence
for the function. By Theorem 15.12 (ii) this series can be differentiated term by
term inside its circle of convergence, so as

d 1 2 d &
— = d —) [2z"=2+42-222+4+3-2°22+ ...
dz(l—Zz) iz ™ dz;[ =2+ z+ 2+

= (n+ 12"z,
n=0

equating these results and cancelling a factor 2 gives the desired expansion,

1 o0
——— =) (n+1)2"z" =144z + 1227 + -
(1—2z) ;

It is easily verified that this power series has a radius of convergence R = %, so the
differentiated series is also uniformly convergent for |z| < % [ ]

By integrating the Maclaurin series for sin ¢ along a suitable path, find the Maclaurin
series for cos z.

Solution The Maclaurin series for sin ¢ is

S““‘Z(‘ i ren vt R TR

As this power series converges for all finite ¢, it follows from Theorem 15.12
(iii) that term-by-term integration is permitted along any path in the complex plane,
so integrating from the origin to an arbitrary point z gives

Z > 1 )
. _ b 2n+1 .
/0 sin¢d¢ ;( ) (2n+1)!/|5 e
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After the integrations are performed this becomes

2n+2

1—cosz= Z(— )"(2n+2)'

n=0
and a rearrangement of terms leads to the expected result
2n

cosz = Z(— )" )

where the series on the right also converges for all finite z. ]

By integrating the Maclaurin series for 1/(1 + ¢) along a suitable path in its circle
of convergence, show that

Log(1 Sy 1.
og(1+ 2) Z( ) . or |z| <

Solution The Maclaurin series expansion of 1/(1 + ¢) is most easily found by
means of the binomial theorem, so we can write

[e¢]
- 1= _|_2_ 3+= —1)"en
T cHE ¢ g( )¢
This power series has a radius of convergence R = 1 and so is uniformly convergent
inside the circle of convergence |¢| = 1. By Theorem 15.12 (iii), this series can be
integrated term by term along any path I' inside this circle, so

——de =Y (-1 [ ¢"d
/1+§§ no( )/c ¢

To obtain Log(1 + z) we choose T" to be the straight line path joining the origin
to a point ¢ = z inside the circle of convergence, and take the principal branch of
the logarithmic function as an antiderivative of the integral on the left. As a result,
on the left we obtain

1
/1+§d§_Log(1+z) where Log(l+4+¢)=1In|l+¢|+i0,
0

where 0 is the argument of Log(1 + ¢), with —7 < 6 < &. Integration of the ex-
pression on the right leads to the result

o n ‘ n o n zn
Sy [ erde = > -1y
n=0 0 n=1 h
so equating these expresions gives
Log(1 =y (cryt e
og(1+2) = (115

Care must always be exercised when working with logarithmic functions be-
cause they are multivalued. The principal branch of Log(1 + z) used here is analytic
throughout the complex plane, with the exception of the branch cut made along
the negative real axis from —oo to the point z = —1. However, the series represen-
tation of Log(1 + z) is only valid inside the circle |z| = 1 where, like the function
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z-plane

2| =1

Branch cut

FIGURE 15.3 The circle of convergence for the
series representation of Log(1 + z) and the
branch cut for the function Log(1 + z).

f(z) =1/(1 + z), it is analytic. Figure 15.3 shows the circle of convergence for the
series expansion of Log(1 + z), and the branch cut used in the definition of the

function Log(1 + z). [ |

Sum IMary  Theconcept of uniform convergence was defined and related to power series, and the sim-
ple Weierstrass M-test for uniform convergence was given. The importance of the uniform
convergence of a power series was shown to be that it retains its uniform convergence
property when it is either differentiated or integrated inside its circle of convergence,
thereby allowing it to be manipulated like an ordinary function.

(] o gmo (]
- Laurent Series and the Classification

of Singularities

regular and singular
points and Laurent
series

We have seen how a function f(z) that is analytic at a point z can be expanded in
a neighborhood of zj as a Taylor series with zj as its center. Although Taylor series
expansions are sufficient for many purposes, the requirement that f(z) must be
analytic at zo means some other form of expansion must be used when an expansion
is required about a point where f(z) is not analytic. The development of a more
general form of expansion that overcomes this difficulty leads to what is called a
Laurent series expansion of a function. Arising from the study of Laurent series
comes the need to classify the nature of points where a function is not analytic.

Points where a function f(z) is analytic are called regular points of the function,
and a point zo where f(z) is analytic in every neighborhood of z, but not at zy itself,
is called a singular point of the function. For example, the function f(z) =1/zis
analytic for all finite z apart from the point z = 0 where its derivative is not defined,
so the origin is a singular point of f(z) = 1/z.

A Laurent series /(z) is a series of the form

o0

L) = ) aw(z— )" (20)

n=—00

that contains both positive and negative powers of (z — zp). It is customary to
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expansion theorem
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represent a Laurent series L(z) as the sum of two series by setting L(z) = Li(z) +
L>(z) where

—1

Li(2) = Z a,(z—z20)" and Ly(2) = ian(z — 20)". (21)
n=0

n=—00

The series L;(z) containing only negative powers of (z — zp) is called the prin-
cipal part of the Laurent series, and the series L,(z) containing only positive powers
of (z — zo) is called its regular part. A Laurent series is said to converge in a do-
main D when both of the series 1;(z) and L;(z) are convergent in D. In general, a
Laurent series converges in an annulus

r<|z—zol <R, where O0<r <R

A simple example of a Laurent series is obtained by considering the function
(cos z)/z and expanding cos z as a Maclaurin series to arrive at the representation

n 2n 1 1 z Z3

cosz _ " W
Z(_ ) (2 ) Z(_ Yo T ata T

The principal part of this Laurent series is the single term L;(z) = 1/z, and its
regular part is the power series

2n—1 3 Z5

[e.¢] " z
La(5) = ;( Va1 = 2' TR
In this case the principal part of the expansion is finite (converges) for all z # 0,
and the regular part converges for all z, so the annulus in which this Laurent series
converges becomes the complex plane from which has been deleted the single point
at the origin.

The next theorem shows how a function that is analytic in an annulus with its
center at the point zp can be expanded inside the annulus as a unique Laurent series.
This theorem also provides an explicit general formula for the Laurent coefficients.
The examples that follow the theorem show how simple algebraic arguments of-
ten provide easier ways of finding the Laurent coefficients than using the general
formula.

Laurent’s theorem A function f(z) that is analytic in the annulus D given by
Ry < |z— 20| < R can be expanded in D as a unique Laurent series

f(Z) = Z a,,(z = ZO)n,
where
= i / (¢ f(;;n-m withn =0, +1, +2, ...,
— 20

and I" is any positively oriented circle in D given by [¢ — 20| = p, With R < p < Ry.
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FIGURE 15.4 The annulus D determined by
R <l|z— 20| < R.

Proof Let the annulus D be the one shown in Fig. 15.4 with its center at z, its
inner boundary a circle of radius Rj, and its outer boundary a circle of radius R;.
The positively oriented circles I'y and I', with the respective radii p; and p, bound
the annulus D; contained in D, where the positively oriented circle I inside D; has
radius p.

If z is a fixed point inside Dy, then by the extended Cauchy—Goursat theorem
we can write
1 f(¢) 1 f(¢)

IO= 2t ft=2% 2mi Jt -2

dg,

where T’ denotes integration around I’y in the negative (clockwise) sense.
In the integrand of the first term ¢ lies on I',, so we expand 1/(¢ — z) as the
power series in z — {:

1 1 N _(—2)
{—z (¢ — Zo)(l — @) pr (C . ZO)n+1

£—20

This is a geometric series, and because ¢ lies on I'; we have | — z9| = p2, showing
that

Z—2
&—20

|z — zo]
<
P2

1.

Applying the Weierstrass M-test shows that the series expansion of 1/(¢ — z)
is uniformly convergent. As uniform convergence allows term-by-term integration
of the series, substituting the series expansion in the integral gives

1 f©)

2ni Jr, £ — 2z

d{ = Zan(z — Zo)n,
n=0
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1 £(2)
= 2mi /r G ay ™

A similar argument can be used to express the integrand in the second integral

where

as
1 1 ~1 Z (¢ — )"
t—z z—20— (£ —z0) (z—z())(l—z ZO) 3 (2= z0)tt
where, as ¢ now lies on I'y,
{—20 Py
-2l |z— 20l '

The Weierstrass M-test shows this series is also uniformly convergent. Substituting
the series in the second integral and integrating term by term gives

1 &d;—_if J@ g - LS [ f0E =)

B t—z 0 2mi = )y (z—zo)FH!

d
2ni Jr, ¢ — 2 2ri &

where a negative sign has been introduced to compensate for the change from
contour I'; where integration is in the clockwise sense, to contour I'y where the
integration is counterclockwise.

When k + 1 is replaced by —n the summation becomes

% ;f(_é) ¢ = 2 an(Z— Zo)",

n=—1
with

1 f©)

"~ 27 Jr, (£ — 2o

Combining the two integrals, and recognizing that the positively oriented circles
I'y and I'; bounding D; may both be deformed into any positively oriented contour
I" that lies in D; with zg in its interior, shows that the Laurent series coefficients a,,
are all given by the single formula

1
a, = — LE)dg“ withn =0, +1,+£2,....

" 2w I (6 - o)
Finally, as the fixed point z was any point inside the annulus D, thatisitself contained
in the annulus D, the first part of the theorem has been proved.
The uniqueness of a Laurent series expansion in a given annulus can be es-
tablished as follows. Suppose, if possible, that f(z) can be represented in the same
annulus by the two different Laurent series

o ds.

n

o0

f(z) = Z a,(z—z0)" = i bu(z — z0)".

n=—00 n=—00

Forming the product of these series with (z — z9)™"~!, where m is a fixed integer,
leads to the result

[e.¢]

Zan(Z_ZO)nml Zb(Z_ZO)nml

n=—00 n=—00
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how algebraic
arguments can
often simplify the
task of finding a
Laurent series

EXAMPLE 15.17

Each of these series converges on the contour I' inside Dy, so using the results

0 k# -1 .. ..
o Nkg ),
/F(z 20)*dz = {27”.’ ke 1 (k a positive or negative integer)
shows that a; = by for each k, so the uniqueness of the Laurent series is proved.

|

PIERRE-ALPHONSE LAURENT (1813-1854)

A French mathematician whose major contribution to complex analysis, published in 1843, was
the fact that when a function is discontinuous at a single point, the Taylor series expansion of the
function must be replaced by an expansion involving both increasing and decreasing powers of
the variable involved. This result is the one now known as Laurent’s theorem.

The uniqueness of a Laurent series expansion of an analytic function f(z)in a
given annulus means that any method used to generate the expansion in the annulus
will produce the same series. This result can be used to considerable advantage,
because instead of using the general formula given in Theorem 15.13, it frequently
proves to be easier to find the coefficients of the series by using a simple algebraic
approach.

If an analytic function f(z) that is expanded about the point z, has singular
points at a;, ay, ..., a,, then the loss of differentiability at these points means that
the radius R, of the outer circle of the annulus in which the expansion is valid cannot
exceed the distance from zj to the nearest singular point, so that

R =min{|zo — 41|, |20 — a2l, . .., |20 — anl}.

The expansion will, of course, be analytic everywhere on the outer boundary of the
annulus of convergence except for any point where there is a singularity.

The next example illustrates the use of algebraic arguments to develop Laurent
series, and also how the location of singularities relative to the point about which the
expansion is carried out determines the outer radius of the annulus of convergence.

Find the Laurent series expansion of

=g

7— 722

in (a) the domain D; determined by |z| < 2, (b) the domain D, determined by
2 < |z| < 3, and (c) the domain D; determined by |z| > 3.

Solution Factoring the denominator gives

1
D= o
1) 2-2)0(z+3)
so the function has singular points at z =2 and z = —3, but is analytic elsewhere.

As these points occur on the boundaries of the domains D;, D,, and Dj, the func-
tion will be analytic inside each of these domains. Consequently, f(z) will have a
unique though different Laurent series expansion in each of the three domains. The
required expansions will now be obtained by using simple algebraic arguments that
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start from the partial fraction decomposition
1 1 1
f(z)_§(2—2+z+3)'
If |z] < 2, by using the binomial theorem we can write
1 1 1 -1 &
- - (1 . E) =y
2—-z 2(1-%) 2 2 i

If |z| > 2, it follows in similar fashion that we can write

1 1 1 2\ ! 0 on-1
== = —— l—— = — .
2-z z((-1) z( z) Z b

n=1

If |z| < 3, we can write

1 1 1 AN~ . 2
z+3_3(1+§)_§<1+§) =2 '5ar

Finally, if |z| > 3, we have

1 1 1 3\ & 3n-1
= = — 1 - = _1 n_l_.
z+3  z(1+32) z( +z) Z( ) 7"

n=1

These results can now be combined with the partial fraction decomposition to
obtain the Laurent series expansions in each of the three domains.

(a) In D; where |z| < 2 we have from the first and third of the preceding expan-
sions that

217 1 -1y
f2) = Z 3 |:2n+1 + (3n+)1 i| "
n=0

This expansion contains no principal part, and because f(z) is analytic in D; we
see that in this domain the Laurent series has degenerated into a Taylor series
expansion about the origin that is, of course, just the Maclaurin series expansion of
f(Z) in D;.

(b) In D, where 2 < |z| < 3, we have from the second and third of the preceding
expansions that

> 21N 1 2 /(=1

f(Z)ZZ(_ 5 );+Z<5.3n+1)1"~
n=1 n=0

Here the first summation represents the principal part and the second summation

the regular part of the Laurent series expansion in the domain.

(¢) In D3 where |z| > 3, we have from the second and fourth of the preceding
expansions that

f(Z) — Z %[_znfl + (_1)n713n71]zl_n.

n=1
This shows that in D3 the Laurent series expansion has only a principal part.

Although expansions (a) and (b) are different in form, each is analytic on the
circle |z| = 2, with the exception of the point z = 2 where a singularity occurs. Thus,
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representations (a) and (b) give different, but equivalent, representations of f(z)
on the circle |z] =2 away from the single point z = 2. A similar situation occurs
with representations (b) and (c) on the circle |z| = 3 away from the single point
z = —3 where the other singularity is located. ]

Expand f(z) = exp(z + %) as a Laurent series about the origin.

Solution The function f(z) is analytic everywhere except at the origin, which is a
singular point. Consequently, when f(z) is expanded about the origin its Laurent
series will converge throughout the complex plane with the exception of the single
point z = 0, and the series will be of the form

1 S
exP<z+ }) N Za_”z_" +D_an", for|z > 0.
n=1 n=0

To determine the coefficients a.,, we write the function as f(z) = (exp z)(exp ]Z)
and then express this as the product of the two series

(ex )ex1 1+ +Zz+z3+z4+zs+
PO )=\ T "3 T s

1+1+1+1 1+1+
2122 3173 4!z4 515 '

The coefficient ag is simply the Constant term in this product, so identifying this as

the sum of products of the form kk, . zk > we find that
1 1
=1+1
0= T G+ G Gy Z (k')2

Further examination of the product of the two series shows that the coefficients
a, anda_, are equal, so we need only determine a,,. The coefficient a; in the Laurent
series expansion about the origin is the coefﬁkcilent of zin the preceding product, so
identifying this as the sum of the products (kZTZ)' %k, gives

11
=a.1=1 — —_
L TR TR TR T Zk’(k+1)'

If we proceed in this manner, it is not difficult to see that

ap =0a-—p =

> oo
Substituting these values for ay and ay, into
1 = 1 =
exp <z+ —) = Z‘Ln_n + Zanz”
Z n=1 2 n=0
gives the required Laurent series expansion that is convergent for |z| > 0. |

Find (a) the Laurent series expansion of f(z) = 1/(z*> 4+ 1)? in the largest possible
circle about the point z = 7, and (b) the expansion about the origin for |z| > 1.
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Solution

(a) Writing f(z) as

1
)= 5,
/@) (z—i)*(z+1i)
shows that the function has singularities only at z = i and z = —i. When the function

is expanded in a Laurent series about z = i, the radius R of the outer boundary of
the largest annulus of convergence must equal the distance between z =i and the
singularity at z = —i closest to z = i. As |i — (—i)| = 2 we see that R = 2, so as the
point z = i must be excluded from the annulus of convergence centered on z = i,
the function f(z) will be analytic in the punctured disc 0 < |z — i| < 2, where the
expansion will be in terms of powers of z —i.

Simplifying f(z) by using partial fractions gives

1 i1 1 1 i1 1 1
f@) = g = e
(ZZ+1) dz—i A(z—i) 4dz+i 4(z+i)
The first two terms are already expressed in terms of powers of z — i, so it remains
to express the last two terms in this form.
The third term on the right can be written as

i1 01
dz+i  A4(z—i)+2i’

so as |z — i] < |2i| the binomial theorem can be used to expand this expression as

i1 il 1 1 L z—i\1!
e N — —1 _
4741 42i[1+z;;] 8 2

1 > ”(z—z)” iz —i)"
_§Z Z i3

n=0 n=0

The fourth term can be written in a similar form by writing

11 1 1 11 1 1 z—i\]7?
C4GHIP T AE-D+2P T 4@ 16 [l_’< 2 )}

I’lln 1(Z—l)n 1
- 162 on—1 '

The coefficients of the Laurent series expansion will be simplified if the last two
results are combined. To accomplish this, we change the summation index in the
last expansion to make it start from zero. This is accomplished by settingn — 1 =m
when we can write

1 S nimz—i)t & A +mim™(z—i)

) -3 .

on—1 om+4

As the choice of symbol for a summation index does not affect the summation, we
now replace m by n to obtain the equivalent result

1 &S0 +n)i(z—i)
EETErN D D T
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As a result, the last two terms of the partial fraction decomposition become

i1 11 © in(z—i)y (14 n)i"(z —i)"
é_lz+i_1(z+i)2_z:: 2n+3 +Z 2n+4
e (n 4 3)iM(z - 0)
=)
n=0

from which the complete Laurent series expansion for 0 < |z —i| < 2 is seen to be

1 i1 1 1 i(n+3)i”(z—i)"'

(Z+12 dz—i 4(z—ip on+d

n=0

(b) The singularities of f(z) occur on the unit circle |z| = 1, so outside this circle
the function will be analytic. As |1/z|] < 1 in the required domain, the binomial
theorem can be used to expand the function when written in the form

11 11 (1+1)2
(Z2+1)2 - 74 (1_{.%)2 - 74 72 ’
Z

from which it follows that

nt1 N
(12+1)2 Z( ™ s forld > 1. m

When |z| is large the operations leading to a Laurent series are sometimes
difficult to perform directly. In such circumstances the substitution z = 1/u is made
where |u| is small, corresponding to |z| large, and after the expansion has been
developed in terms of u, the result is then transformed back to the original variable
z. This approach is illustrated in the next example.

Find the Laurent series expansion of f(z) = Log(:= ) for large |z].
Solution Substituting z=1/uin f(z) gives

ratoli2) (1) (1) -1m(2)

= Log(1l — u) — Log(1 — 2u).

Replacing the logarithms in this last expression by their Maclaurin series expansions
that will both be valid provided |u| < % gives

1, 1, 1 , 8, "
fwy=—(u+zuv"+zuw+- v+ |+ (2u+2u" 4+ 0+ + —u" 4
2 3 n 3 n

3 7 2" —1 1
=u+§u2+§u3+~--+( . )u"+---, forlul<§.

Finally, transforming back to the variable z, and noticing that |u| < 2 corresponds
to |z| > 2, we arrive at the required Laurent series expansion for large |z|:

z—1 2" —1
Log( 2>_; g for |z| > 2. [ |
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The expansion of functions as Laurent series makes it necessary to classify the
different types of singularity that arise. The relevance of this classification, and the
importance of the coefficients of a Laurent series, will become clear later once the
evaluation of integrals by means of contour integration has been developed.

A point gz is called an isolated singularity of a function f(z) if f(z) has a
singularity at zp, but is single valued and analytic in the annulus (punctured disc)
0<l]z—2] < R

Singularities are easily identified when a function is a quotient of analytic func-
tions f(z) = g(z)/h(z), because they occur at any zero z* of 4(z) where the numer-
ator g(z*) # 0, and also at any infinity of g(z) where /(z) remains finite.

For example, the function f(z) = (z + 3)/(z* + 4) has singularities at the zeros
7 = +2i of the denominator zZ + 4, because the numerator z + 3 does not vanish
at either of these points. However, the function f(z) = (tan z)/z* has a singularity
at z = 0 due to a zero of the denominator, because although tan z = z + z /3+...,
the function f(z) = (tanz)/z> = (1/z) + z/3+....So f(z) has a singularity at the
origin also and also at z = (2n + 1)z /2 forn =0, 1, +2, ..., because of infinities
of the numerator.

Consideration of the general form of the Laurent series expansion given in (15)
allows three distinct cases to be identified, namely:

1. The Laurent series for f(z) contains no negative powers of (z — zp).

2. The Laurent series for f(z) only contains a finite number of terms involving
negative powers of (z — zp), up to and including the term in (z — z9)™".

3. The Laurent series for f(z) contains infinitely many terms involving negative
powers of (z — zp).

Case 1. Functions f(z) with this property are said to have a removable sin-
gularity at z; because, irrespective of how f(z) is defined at zp (and even if
it is not defined), the Laurent series converges to the value ayp when z = z.
Consequently, by defining f(zy) = ap the singularity (discontinuity) at zo is
removed. In working with functions with removable singularities, it is always
assumed that they have been removed.

Case 2. Functions f(z) with this property have a principal part of the Laurent
series of the form

a_q a_p i a—r+1 a—y
(z—2) (z2—20)? (z—z2) ! (z—20)
where some or all of the coefficients a_1,a_5,...,a_,41 may be zero, but

a_, # 0. This type of singularity is called a pole of order r of the function
f(z) located at zp, or sometimes a pole of multiplicity r located at zy. A pole
of order 1 is called a simple pole.

Although no further use will be made of the term, for the sake of com-
pleteness we mention that the quotient of two analytic functions is called a
meromorphic function. Thus, a meromorphic function is analytic throughout
adomain apart from points where poles arise due to a zero of the denominator
where the numerator is nonvanishing.

Case 3. Functions f(z) with this property are said to have an essential singu-
larity located at the point z.
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In what follows our concern will only be with Cases 1 and 2, because of the
extremely erratic behavior of functions in a neighborhood of an essential singularity.

Identify the singularities of the functions

_ 2
(a) f(z)=cos}127§1, (b) f(z):%, (c) f()_%

(d) f(z) = zexp(1/2).

Solution

(a) f(z) is analytic everywhere apart from z = 0 where it is indeterminate. To
examine the behavior of f(z) at the origin we replace cosh z by its Maclaurin series,
leading to the result

2 4
coshz—1 (1"'%"‘%"‘"')_1

2 2
Cancelling the 1 and dividing by z* gives

coshz—1 1 7

22 = E + I +---,
so taking the limit as z — 0, we find that
. coshz—1 1
Iim —F = —.
z—0 Zz 2
If we define
coshz—1
—a - 70
f(2) = 1
Y = 07
3 Z

the singularity at z = 0 has been removed, and the resulting function is analytic for
all z, so this function has a removable singularity at 7 = 0.

(b) A partial fraction decomposition of f(z) gives

5
(@)= (z (z+2)

from which it can be seen that f (z) has a simple pole at z = 1 and a pole of order 2
atz = —2.
(c) As

smhz _ kg E 1 11 11

f(Z) ZS —?‘i‘ﬁ?‘i‘g‘f‘—z—f‘

the function is seen to have a pole of order 4 at the origin and to be analytic for all
z#0.
(d) Expanding the function gives

2122 3178

showing that this function has an isolated essential singularity at the origin. ]

11 1 1 1
f(z)—zexp(l/z)—z(1+ +ostas t > z+1+—+—+
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The Extended Complex Plane:
The Point at Infinity

Unlike real numbers, complex numbers have no natural order property, so the
inequality symbols < and > have no meaning when applied to complex numbers z;
and z,. However, |z1| and |z, | are real numbers that can be ordered, so this property
can be used to give meaning to the “number” z = oo. This is accomplished by saying
that the complex sequence {z,} tends to infinity, written

lim z, = oo,
n—oo

if

lim |z,| = oo.
n—00

This definition coincides with the corresponding one for real numbers, because
the last result means that for any positive number L there is a positive integer N
such that |z,| > L for all n > N. Thus, the point at infinity in the complex plane
is taken to be the set of all points z such that |z| lies outside the circle |z| = L for
any positive L. Accordingly, the set of all points outside a circle of arbitrarily large
radius Lcentered on the origin is said to be a neighborhood of infinity. The complex
plane, to which has been added the point at infinity is called the extended complex
plane, and it is useful when performing various limiting operations.

A geometrical interpretation of z = oo that provides a justification for using the
expression “point” at infinity can be obtained by making a stereographic projection
of the extended complex plane onto a sphere. The concept, called the Riemann
sphere, is illustrated in Fig. 15.5, which represents a sphere resting on the extended
complex plane with its center above the origin. The point § of the sphere at the
origin is called its south pole and the point N on its surface vertically above the
origin is called its north pole.

Imaginary axis

Real axis

Extended complex plane

FIGURE 15.5 The Riemann sphere.
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Summary

A point z on the extended complex plane is brought into correspondence with
a point z* on the sphere by taking z* to be the point of intersection with the sphere
of a straight line drawn from N to the point z. Each finite z corresponds to a unique
point on the sphere, while all points in a neighborhood of z = oo, which is outside a
circle of arbitrarily large radius drawn in the extended complex plane with the origin
as its center, correspond to an arbitrarily small neighborhood of N. Thus, the point
N corresponds to the point at infinity in the extended complex plane. It is easy to
see that circles in the extended complex plane with their center at the origin map to
circles on the sphere (lines of latitude) while radial lines through S in the extended
complex plane map to great circles (meridians) on the sphere (lines of longitude).

Asalready remarked, to study the behavior of a function f(z)inaneighborhood
of z = oo, the substitution z = 1/u is made, leading to an expression F(u) = f(1/u).
The behavior of f(z)inaneighborhood of z = oo is then determined by the behavior
of F(u) in a neighborhood of u = 0.

Thus, if we consider the extended complex plane, the Laurent series for f(z) =
ﬁ in a neighborhood of z = co is obtained by setting z = 1/u, taking u to be
arbitrarily small, and then, after expanding the result, writing u = 1/z. This leads
to the result

F(u) = f(1/u) = 5 N =

[e¢]
= (1w = (U tut ) ==Y
n=2
and after substituting u = 1/z this becomes the required Laurent series expansion
in a neighborhood of z = oo,

(o8]

fl) = —Zzl—n for |z] > 1.
n=2
The same form of argument makes it possible to determine if a function f(z)
has a singularity at infinity and to classify such singularities. If we set z = 1/u as
before to obtain F(u) = f(1/u), the singularity of f(z) at z = oo is defined to be
the same as that of F(u) atu = 0.
For example, the function

f(z)=zs—%.

has a pole of order 3 at the origin in the ordinary complex plane, so to study its
behavior at z = oo in the extended complex plane we set z = 1/u when

1
F(u)= — —u’,
u

showing that F(u) has a pole of order 5 at z = oco. Similarly, the function f(z) = e?
is regular at the origin, that is, it has no singularity at the origin, but as F(u) =
f(1/u) = e'/* we see that f(z) = e® has an essential singularity at z = oo.

The Laurent series expansion of a function f(2) about a singularity was defined, and it
was shown that instead of using the formal definition to arrive at the expansion, it is
often simpler to use a simple algebraic argument. Poles and singularities of functions were
defined, and the meaning of the point at infinity in the complex plane was explained.
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EXERCISES 15.3

In Exercises 1 through 12 find the Laurent series of f(z)
expanded about the given point and determine its annulus
of convergence.

1
1. f(z)= 5 expanded about z = 0.
7—
1
2. f(z) = — (a # 0) expanded about z = 0.
(z—a)y
1
3. =—— (0 b)), with
1@ = =gy © < lal < [bD. with |2] < la]
expanded about z = 0.
1
4. f(Z) = m (O < |a| < |b|),Wlth0< Iz—al <
|b — a| expanded about z = a.
5. f(zy= —— (0 < |a|] < |b]), in the annulus
(z—a)(z—>
la| < |z| < |b| when expanded about z = 0.
22745
6. f(z) = < it expanded about z = 2.

(z=2)(2+1)
7. f(z) = exp(%) expanded (a) about z = 1, and
-z

(b) about z =0 for |z| > 1.

1
8. f(z) = ——— expanded (a) about z = 0 and
z(1—72)
(b) about z = 1.

9. f(z)= sin(1 z

) expanded about z = 1.

1
10. = ded about z = 0 f 2
f(z) ) expanded about z or|z] <
and for 2 < |z] < 3.
1
11. = ————— expanded about z = 0.
f(2) I-29G+D p z

1
12. f(z) = 2 expanded about (a) z =iaand (b) z =0

for |z] > |al.

In Exercises 13 through 16 find the first four terms of the
Laurent series expansion of f(z) about the given point.

1
13. f(z) = sinh (1 + —) expanded about z = 0.
b4

1
14. f(z) = cosh(Z + —) expanded about z = 0.
z

15. f(2) = M expanded about z = 0.
z
i inh(z/4
16. f(z) = szsﬁ# expanded about z = 0.

In Exercises 17 through 28 classify the nature of any singu-
larities that occur in the finite complex plane.

1
17. f(z) = 2 23. f(2) = eXp(l—iz)
z
18. f(z2)= ——. 24. f(z) = cot(1/z).
142 R 25. f(z) =tan’z.
19. f(z) = exp(—1/2°). cos z
1 +z 26. f(Z) = z2 .
20. f(Z) = 71(22 n 4)2 . cos 2Z 1
sin 2 27 f(R) = ———
21. f(z) = — . 3 sz
sinh z 77 —8z—-3
142 BS&="T5
2. f() = coshz’
Further Results

29. The integral for a, in Theorem 15.13 defines the
coefficients of the Laurent series for a function f(z)
expanded about the point z that is convergent in the
annulus Ry < |z — 29| < Ry. Use this integral to derive
the Cauchy inequalities for the coefficients of a Laurent
series

la,| < % forn=0,%1,%2,...,
where M is the greatest value of | f(z)| on a circle
|z—z0l = Rywith R < R< R,.

30. Use the result of Exercise 29 to show that if a function
f(z) = > 7, a,z" is an entire function such that when
|z| > Ry (the inner radius of the annulus of convergence
in Theorem 15.13), and for a given nonnegative inte-

ger N,

| f(2)] < MizlY,
then f(z) must be a polynomial of degree no greater
than N.

In Exercises 31 through 34 find the Laurent series expan-
sion of f(z) in a neighborhood of z = cc.

1 2
3L f(@) = —=. 33. f(z) = Log (ﬁ)
_ 1 1
32. f(z)= 217 3. f(z)= m
x (0 < |a| < |b)).

In Exercises 35 through 40 determine the nature of the
singularity of f(z) at z = oo.

B f0) = 8. (9= 5
E 39. f(z) = €=
36. f(z) = A+ 40. f(z) =tanz.

37. f(z) = ﬁ
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& Residues and the Residue Theorem

Let an analytic function f(z) have an isolated singularity at zo. Then its Laurent
series expansion about the point zy,

il a_3 a_n a_q
f(z) = an(z—20)" =+ —— — —
n;oo ’ (z—z20) (z—z20)7% (2—2)
+ag+ai(z—z20) +ax(z—20)° + -, (22)
the residue and its will converge in some punctured disc 0 < |z — 79| < R. The residue of f(z) at z =
connection with the 20, written Res[ f(z), zo], or simply Res[zy] when there is no ambiguity about the
Laurent expansion function involved, is defined as the number a_1, so that

Res[ f(2), 20] = a-1. (23)

Thus, the residue of f(z) at zg is the coefficient of the term 1/(z — zo) in the principal
part of its Laurent series expansion about z.

PETTITEEFP Find the residue of f(z) = 1/(z% + 1)? at the point z = i.

Solution It was shown in Example 15.19 that the Laurent series of f(z) =1/
(22 4+ 1)? expanded about the point z =i is

1 i 2 (n+3)i"(z—1)" .
=— — -~ for0 — 2,
1@ =3z "ip 4<z-i)+; ot orl<lz—i] <
so the residue at z = i is seen to be
i
Resli] = —-. [ |
es[i] 1

From now on our concern will be with residues of analytic functions f(z) whose
only isolated singularities are poles. Then, if zy is a pole of f(z) of order N, its
Laurent series expansion about the pole will be of the form

o0
a_q a_p a_n n
7) = + +ot ——x t ) a(z— )", 24
U z—2 (z2—2) (z—z20)N ; (=) (24)
where a_n # 0, though some or all of the remaining coefficientsa_1,a_5, ..., a1-n
may vanish.

Let f(z) be analytic at zy. Then z is a zero of the function f(z) if f(z0) = 0.
In some neighborhood of z, the function will have a Taylor series expansion of the
form

@)= an(z— )" 25)
n=1

where to satisfy the condition f(zp) = 0 we have set the coefficient ayp = 0. The
zero z is called a simple zero of f(z) if a; # 0, and a zero of order N if the first
nonvanishing coefficient in (25) is ay. If the zero is of order N we can write

a zero of order n and f(@) = (z—20)"g(2), (26)
testing for a pole of

order n where g(z0) # 0 and g(z) is analytic in a neighborhood of z, from which it follows

thatif f(z) hasazero of order N at zy, then 1/f(z) will have a pole of order N at z.
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Inspection of (24) provides the following simple test for a pole of order N.

Test for a pole of order N

If f(z)is analytic in the punctured disc 0 < |z — z9| < R, then a necessary and
sufficient condition for it to have a pole of order N at zj is that

lim (z — z0)V f(z) = C, where C # 0.
=20

In most cases, when 2y is a pole of f(z), it is simpler to determine the residue
at zo by one of the formulas we will now derive than to develop the Laurent series
expansion of f(z) about zy and then to identify the residue with the coefficient a_.

The simplest case occurs when a function f(z) of the form

has a simple pole at zy, and g(z) and A(z) are analytic functions in a neighborhood
of zg. Suppose first that /(z) contains a factor (z — zp), and so can be written A(z) =
(z — 20)F(z), where F(zp) # 0. Then

f)= =5

(z—20) F(2)’
but H(z) = g(z)/ F(z) is analytic at zy and so can be expanded in a Taylor series
about zy of the form

1
H(z) = H(z0) + (2= 20) H'(20) + 5;(z = 20) H'(z0) + -+
Using this result in the expression for f(z) and writing H(zo) = g(z0)/F(z0)
gives
_ 1 g(z0)
@)= z— 20 F(z0)

This shows that Res|[ f(z), z0], the coefficient of 1/(z — z9) in the Laurent series
expansion of f(z) about zy, is given by

1
+ H'(z0) + E(Z —z20)H" (z20) + -

Res[ £(2). 20] = ffé‘j))). @7)

Now suppose that f(z) is of the form
(0]
f(Z) - h(Z)

and has a simple pole at zy, but that 4(z) does not contain a factor (z — zo). Then,
as f(z) will have a Laurent series expansion about z, of the form

f(2) = 8(2) _ Res[f(2). 20] + ian(z - 20)",
n=0

T hz) -2
we see that

(z— 20)g(z) } .

Res| f(2), z0] = }LH}O { h(z)
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formulas for finding
the residue at a
simple pole and at a
pole of order n

Using the fact that /(zp) = 0 allows this to be written

st/ (422

but A(z) is analytic and

I (z0) = lim (M)

220 7—20
SO
Res[ £(2), ] = ,f((zz(;)) (28)

Finally we consider the case where f(z) has a pole of order N at zj, and so has
the Laurent series expansion about zy given by (24). Multiplying (24) by (z — z0)"
gives

(z—2)Vf(D)=a1(z—2)" " +aa(z—2)" 7+ +an+ ian(z — )V,

n=0
and after differentiating this with respect to z we find that

diz[(z —20)Vf(2)] = (N = Da_1(z — 20) 7 + (N = 2)a_z(z — 20)" >

o0
+-Fai-y+ Z(N+ n)a,(z — zo)N

n=0

Taking the limit of this result as z — zp reduces it to

lim {diz[(z - zo)Nf(z)]} =aj_n.

=2

A repetition of this process yields the formula

=2z | dz? [

so as Res[ f(2), zo] = a_1, after N — 1 differentiations this same form of argument
brings us to the final result

lim {d—2 (z— Zo)Nf(Z)]} =a_n,

1 del
Res (. 2] = oy lim { le - ran). @9

Taken together, results (27) to (29) have established the following formulas for
the calculation of residues.

Formulas for the residue at a pole of a function of the form f(z) = g(z)/ h(2)

1. (i) Let a function f(z) that is analytic in a punctured disc 0 <
|z—z0| < R have a simple pole at z;. Then if f(z) = g(z)/h(z), and
h(z) contains a factor (z — zo) and so can be written 4(z) = (z — z0) F(2)
where F(z0) #0, the residue of f(z) at zy is given by the formula

_ 8(=)
F(z0)’

Res[ f(2), 2] (30)
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(i) and if A(zp) = 0, but h(z) does not necessarily contain a factor
(z — 20), the residue of f(z) at zy is given by the formula

g(20)
h'(z0)

Res[ f(z), 20] = (31)

2. Finally, if f(z) has a pole of order N at z, the residue of f(z) at z is
given by the formula

1 dN—l
Resl ), 1] = oy I { - ran). @)

Find the residues at the poles of the functions

(a) f()—wao) o) =

(d) f(z) = sech Z

(22 +1)2’(C) f@) = zsinz’

Solution

(a) f(z) has a simple pole at z = i, with g(z) = 22 +2z+ 3 and h(z) = z— i, sO
as the denominator contains the factor (z — i), making use of (30) gives
(2 +2z+3)
(z—1)
(b) The function has poles of order 2 at z = +i, so from (32) with N = 2 we see
that

Resli] = (1) | =i2+2era =200,

=[] =

and similarly
. 1 d T | i
ReS[—l] = F zlif{li {d_Z |:(Z+l) W:H = Z
This simple calculation for the determination of Res[i] should be compared
with the extensive calculations needed to arrive at the full Laurent series for f(z)
expanded about the point z = i in Example 15.22, where the coefficient of the term
1/(z — i) was, of course, equal to —i /4.
(¢) The function has poles at the zeros of the denominator zsin z. For small z
Al o 2
Slnz—z__+§_...=z 1——_|-__ s

so near the origin

ﬂ@=%'(_g+g_ny
3 T3

showing that f(z) has a pole of order 2 at the origin. Elsewhere, z # 0 and the factor
sin z has zeros at £ nw forn=0,1,2, ..., corresponding to simple poles of f(z).
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The residue at the origin, obtained from (32) with N =2 and zp = 0, is
1. d 1 . [sinz—zcosz
Res[0] = — 1 — =1 — .
es{0] 1!z£%{dz [ZZZSinz:“ zli%{ sin” z }

This is an indeterminate form, so applying I’'Hopital’s rule we find that

Res[0] = lim {ﬂ} —0.
z—0 | 2sinzcos z
The residues at the simple zeros £+ nr,forn = 1, 2, . . ., follow by setting g(z) =1
and h(z) = zsin zin (31) to obtain
+(-1)"

Res[ £ nr] = [1/(sin z + 2€0S 2)]|;mtnr = p— forn=1,2,....
T

(d) Writing f(z) = 1/ cosh z shows that poles of f(z) are located at the zeros
(2n+ 1)mi/2 of coshz for n=0,+1,+2,.... So f(z) has simple poles at z =
2n+1)mi/2 for n =0,+1,+2,.... From (31) using g(z) =1 and h(z) = cosh z
we have

1 1
sinh{(2n + 1)7i/2}  isin{(2n + 1)7/2}

forn=0,+1,+2,.... |

Res[(2n + 1)ri] = = (=1)"*,

When the limit in (32) is difficult to evaluate, it is necessary to determine the
residue by developing the Laurent series expansion to the point where the coeffi-
cient of the term 1/(z — zo) can be identified. This situation is illustrated in the next
example.

Find the residue of

flz) = Sin(Z—i-il) .

Solution Inspection of the argument of the sine function shows that its only sin-
gularity occurs at z = —1, but the function is sufficiently complicated that result
(32) is not useful. Accordingly, to find the coefficient of the term 1/(z+ 1) in the
Laurent series expansion about z = —1, we rewrite f(z) as

f(2) = sin(l _ H%) ,

and then use the familiar trigonometric identity sin(A— B) =sin A cos B —
cos A sin B to expand this as

fla) = sin(l)cos(Z le 1) — cos(1)sin (zj——1> )

Replacing the cosine and sine function involving z with the first few terms of their
Maclaurin series gives

. 1 1
f(2) =sin(1) <1 ETCES R TTr )

1 1 1
—cos(l) <z+1 TGP TSty _>
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FIGURE 15.6 A contour I' containing a point
zp at which f(z) has a pole.

Inspection then shows that the coefficient of the term 1/(z + 1) is —cos (1), so

Res[ f(z), —1] = —cos(1). [ |

The crucial importance of residues in the theory of complex integration follows
from the fact that when a function f(z) has a pole of any order at a point z, in a
domain D, but is analytic elsewhere D, then the integral around any contour in D
that contains the pole at zp depends only on the value of the residue at zy. To prove
this assertion, and to find the value of the integral, we consider the case in which
f(z) has a pole of order N at a point zp in a domain D but is analytic elsewhere
in D.

We take a positively oriented contour I" in D as shown in Fig. 15.6, represent
f(z) byits Laurent series (24) expanded about 7y, and integrate the result around I".

As aresult we have

= a-1 a-2 e 76171\/ N _ n
/rf(z)dz_/r<z—20 " (z— 20)? T (Z—ZO)N) dZJr;a"/r(Z w)'dz,
(33)

where term-by-term integration of the infinite series at the right is allowed by virtue
of Theorem 15.12.
It was shown in Example 14.4 that

/ (z—20)'dz=0 forn=-2,-3,..., and n=0,1,2,...,
|z—20l=R

where the circle |z — zg| = R lies within D. The deformation of contour theorem
asserts that these results are true for any contour I" in D that contains zp, as a result

of which (33) reduces to
/ f(2)dz = / a1 dz,
r r<—2

and so to the equivalent result

/ F(2)dz = Res[z)] / dz_
r r 2—20
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THEOREM 15.14

contour integrals
and the residue
theorem

evaluating a contour
integral using residues

In Example 14.5 it was shown that

dz .
/ =27,
lz—z|=R £ — <0

when the circle |z — z9| = R lies within D. The deformation of contour theorem
allows this result to remain true when the circle |z — z9| = R is replaced by the
contour I containing zp, so we have proved the extremely important result that

/ f(z)dz = 2mi Res| f(z), z0]- (34)

This result is easily extended to the case of a function f(z) with m poles in D
located at the points z, 22, . . ., 2. To see this, let the poles in D lie inside a simple
positively oriented closed contour I' contained in D, and enclose the pole at z, in a
small positively oriented circle I', lying inside D, with r = 1,2, ..., m. Integrating
around I" and using the extended Cauchy—Goursat theorem, we obtain

/F f(2)dz = /Fl f(R)dz+ /FZ f@dz+---+ /F f(2)dz,
but from (34),
fr f(2)dz = 27i Res[ f(2), z], forr=1,2,....m,
S0
/r f(R)dz =2mi[Res| f(2), z1] + Res[ f(2), z2] + -+ + Res[ f(2), zul].  (35)

This result contains the Cauchy—Goursat theorem as a special case, because if
the contour I" in D contains no poles of f(z), the function has no residues inside I’
and so

f f(z)dz=0.
r
The fundamental result contained in (35) forms our next theorem.

The residue theorem Let f(z) have poles at z1, 2, ..., z in a domain D and be
analytic elsewhere in D. Then if I" is any simple positively oriented contour in D
containing the points zi, 22, . .., Zm,

/ f(2)dz =2mi Xm: Res| f(2), z]- ]
r r=1

Expressed in words, this theorem says that the integral of f(z) around T is
2mi times the sum of the residues enclosed in I'. The next example illustrates the
application of Theorem 15.14 to a function with three poles.

Find all the residues of the function f(z) = m, and use them to determine
Jr f(z)dz around the following positively oriented contours in which I' is (a) the
circle I’y given by |z + 3i| =2, (b) the circle I'; given by |z —2| =1, and (c) the
circle I'; given by |z| = 4.
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Solution Inspection of f(z) shows it has a pole of order 3 at z = —2i, and simple
poles at z = 2. Applying (32) to find the residue at z = —2i gives

L 1 [ : e
Rel 1@ =21 = | gz |+ 20 e )

1 [a e? e 3
2 |d2 | 2-4]),_, 16 T a)

and as the poles at z = £2 are only simple poles, it follows from (30) that

ez e ?
Res[ f(z), 2] = [(z+2i)3(z — 2)i|z:2 = @(l - 1),

and

ez e2 )
Res[ f(z),2] = [—(z+2i)3(z+2)122 = —@(1 +1).

The three contours I't, I',, and I'; and the location of the poles of f(z) are
shown in Fig. 15.7. Only the pole of order 3 at z = —2i lies inside contour I'y, and
only the simple pole at z = 2 lies inside contour I',, though all three poles lie inside
contour 3.

z-plane

FIGURE 15.7 The contours I'1, I'p, and I's and the location of the
poles of f(z).
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Applying Theorem 15.14 we have

F(2)dz = 2ni (61_: (i i

))=_n§ﬁ

(1+

- %(6(” +e*+e7?).

Iy
e’(1+1) we*(1—1i)
dz = 2mi (- -
[z ’”( 128 > 64
and
E(1+i) e?(i—-1) e
dz =2mi | —
 f@dz ’”{ 128 128 16
—2i
_ l 2 2 _7T€
A -
Find

/ . ( Z
sin
lz4+1]=1 z+

1>dz.

3i

4

)

3

4

)

Solution We saw in Example 15.24 that the only singularity of the integrand is a

simple pole at z = —1 with residue —cos (1). So as the circle |z + 1| = 1 contains
the pole, it follows immediately from Theorem 15.14 that
/ sin( < ) dz =2mi{—cos(1)} = —2mi cos(1). ]
|z+1]=1 z+1

The Laurent series was used to introduce the idea of a residue, and formulas for finding the
residue at a simple pole and at a pole of order n were derived. The relationship of residues
to contour integrals was explained, and the fundamental residue theorem was proved.

EXERCISES 154

In Exercises 1 through 16 find the residues of the given

Evaluate the contour integrals in Exercises 17 through 28.

functions at their poles in the finite complex plane.

L=
zﬂo=§;$;
lﬂ@=%%§§~
4 0=
5. 1) = oy
6 [()= 55
7 @)= Zszi::'
8. /@)= éifB&

10. f(z) =cotz.

sin z
9. f(z) = tanz. 17. / sinz .
lz]=1

z

” 1 18. / &izdz.
. = — = z
f(Z) i+ 1 lz|=2 e
sinh z 19. / dz.
12. f(2) = snz i=1 2(z2 = 6) ‘
. dz
_sing 20. / 27.
13. f(z)= sinh z’ e—2=12 (2= (2 = 2)
bid dz
14. =" -
f(2) Z tannlz 21. [ Pl
15. f(Z)=cos< _2)- 22. / L
z ) =2 (2=3)(2 - 1)
16. f(z) =72 cos( 23 / _
- " S 2(22-9) “

24.

/ ZeMdz(n =0, %1, 42, ..)).
|z|=1/2
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1 — %z which all follow from De Moivre’s theorem, and then in-
25. i1 241 dz. tegrating around the unit circle |z| = 1. Use this approach
 cos P to evaluate the trigonometric integrals in Exercises 29
26. ——dz. through 33.
=2 2
2 do 2n do
z
— _* 29. _— 1). 32. —_—.
27. |z\:2(zz 1)cos(z_1)dz. /0 4 o5t (a>1) /O 3 osnd
2 21
el/(z-1) 30 do 1 33 do
28. f74 Z_2dz' “Jo (a+cosH)? (a>1). 3. o 1—2acosb + a?
I2I= 21 do (O <a< 1)
Integrals of the form 31. / —_—.
o 3+sin6
2w 34. Prove that if f(z) = g(z)/h(z) is the quotient of two

Rational[cos 6, sin0]d6,

) functions where g(z) is analytic at zy with g(z) # 0,

. . . . . and /(z) has a zero of order 2 at zj, then
where Rational[cos 6, sin#] is a rational function of cosé

and sin 0 (a quotient of polynomials in cos 6 and sin #), can Res[ £(2), 2] = 68’ (z0)h" (20) — 28(z0)h" (20)
be evaluated by making the substitutions ' 3[1(z0)]? '

1 1 1 1 d
cos@:—(z—f——), sin@:—.(z——), and d9=_—z,
2 z 2i z iz

15.5.. Evaluation of Real Integrals
by Means of Residues

The previous section showed how the residues at the poles of an analytic function
inside a simple closed contour determine the value of integral of the function around
the contour. In the present section we show how by taking some part of the contour
along the real axis it is possible to use the method of residues to evaluate improper
real integrals of the form

/Ooof(x)dx and /: f(x)dx,

where f(x) may become infinite at a finite number of points in the interval of
integration.

(a) Convergence, Divergence, and Cauchy

Principal Values of Integrals
The meaning of integration over a semi-infinite or an infinite interval obtained by
complex analysis needs to be explained. It will be recalled from elementary calculus

that when f(x) remains finite over the interval of integration, the values of these
improper integrals are defined as the limiting values

[e%e} R
/0 f(x)dx:lgi_r)lgofo f(x)dx and

/ - f(x)dx = lim “ f(x)dx, (36)
—00 R R

1—>00, Rh—>00 J_

where in the second integral R} and R, are allowed to tend to infinity independently
of each other. If these limiting values are finite, the improper integrals are said to
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Cauchy principal value

converge to the values of their respective limits, and they are said to be divergent if
the limits are undefined or are infinite.

If, in addition, f(x) becomes infinite at a point x, inside the interval of integra-
tion, say in the first of these integrals, the value of the integral is to be interpreted as

R

/0 f(x)dx = lim /0 T + lim ), (37)

0, R—o0 Xo+p

where o > 0 and 8 > 0 are allowed to tend to zero independently of each other. If
this limit is finite, the integral is said to converge to the value of the limit, and it is said
to be divergent if the limit is undefined or infinite. A corresponding interpretation
applies to integrals over the interval (—oo, c0) when f(x) is infinite at a point
Xo inside the interval of integration. If f(x) is infinite at several points inside the
interval of integration, the limiting operation shownin (37) is extended in an obvious
manner.

Improper integrals such as (37) can occur that are divergent if & and B are
allowed to tend to zero independently of each other, but are convergent if f = « as
a — 0. In convergent integrals of this type the upper limit of integration in the first
integralin (37) is xo — « and the lower limit in the second integral is xy + «. Similarly,
improper integrals over infinite intervals such as the second integral in (36) occur
that are divergent when R; and R, are allowed to tend to infinity independently of
each other, but are convergent if R = Ry, as Ry — +o00.

The value of an improper integral when the limits of integration on either side
of an infinity of the integrand at xy are of the form xp — « and xp + @ as @ — 0,
and when the integral is over the infinite interval (—oo, co) the upper and lower
limits of integration are of the form Ry = Ry, as Rj — +o00, is called the Cauchy
principal value of the integral. The Cauchy principal value of an integral is indicated
by inserting the symbol P.V. in front of the integral sign. So, if in the integral of f(x)
over the interval [0, 00), the function f(x) has an infinity at xo, its Cauchy principal
value is defined as

0o Xo—o R
P.V./O flx)dx = 3{13})/0 f(x)dx +a~>(1)i,II?~>oo f(x)dx (a > 0).

Xo+o
(38)
In some improper integrals of the type shown in the second expression in (36),
allowing Ry and R, to approach infinity at different rates produces the same result

as the Cauchy principal value, and when this occurs the symbol P.V. can be dropped.
This happens, for example, with the integral

*  dx . R dx )
— = lim — = lim  {Arctan R, — Arctan(—R;)}
oo 1 + x2 Ry— 00, R—00 —R 1 —+ x2 Ry — 00, R—00

13- ()=~

because it is also true that

R—o0

/_OO : +xx2 = lim . Txxz = I%EEO{Arctan R — Arctan(—R)} = 7.
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This is an integral for which

*  dx * dx
PV. —_— = — =
/,ool—l—xz /,ool—l—xz d

As the integrand is an even function of x, these results allow us to conclude

that
/‘°° dx _1/00 dx o
o 14+x2 2 ) 14+x2 2°

The situation is quite different in the case of the integral

o0
/ sin xdx,
—0oQ

because although sin x is continuous and bounded for all x the integral is divergent.
This result follows from the fact that

R

lim / sin xdx = Iim  {cos R, — cos Ry},
Ri—00,R—0 _R R —00, RR—00

so the limit is not defined, though the Cauchy principal value of the integral is finite

because

[} R
P.V./ sinxdx = lim sinxdx = lim {cos R — cos(—R)} = 0.
—o0 R—o0 J_p R—o0

Another example of a divergent integral for which the Cauchy principal value

is finite is
o0
X
[
oo 1+ x

The divergence of the integral follows from the fact that

00 X R X
f L _dx=_ lim f L dx
PSS 14+x Ri—o0.Ry—o0 J_p 14+x

: 1 2 2
- Rﬁg’rgﬁoo 5 {In(1+ R}) —In(1 + RY)},
because this limit is not defined if R # R,. When Ry = R, the Cauchy principal
value follows from the preceding result, from which it is seen to be zero, so we say

* x
PV. ——dx =0.
/,ool+x2 g

Tests exist that enable the convergence or divergence of various types of im-
proper integral to be established without the need for direct integration, and these
are necessary because in most cases it is either difficult or impossible to evaluate the
integral analytically. The simplest of these tests, called a comparison test, establishes
the convergence (or divergence) of an improper integral by comparing its integrand
with the integrand of an improper integral whose convergence or divergence prop-
erties are known. Thus, if, for example, the improper integral [ g(x)dx is known
to be convergent, and f(x)issuchthat0 < f(x) < g(x), then the improper integral
[, f(x)dx is convergent. This follows because then the integral [~ f(x)dx is
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integrals of rational
functions without
poles on the real axis

indenting a contour

bounded by

OS[wast/fguwx

(o]

If, however, the improper integral ffooo g(x)dx is known to be divergent and
0 < g(x) = f(x), then

OSZzg@MXS/:f@ML

showing that the integral ffooo f(x)dx is divergent. Different forms of comparison
tests exist, and corresponding tests apply to improper integrals over the interval
[0, 00).

The concept of the Cauchy principal value of an integral is important when eval-
uating real improper integrals by means of contour integration, and especially when
the integrand has an infinity at one or more points inside the interval of integration.
This is because the method of evaluating such integrals gives rise automatically to
the Cauchy principal value of the integral. Whether a real improper integral deter-
mined by contour integration also exists in the sense of (36) or (37), thereby allowing
the symbol P.V. to be dropped from in front of the integral, must be determined
separately.

(b) Improper Integrals of Rational Functions
without Poles on the Real Axis

As improper real integrals only involve integration along the real axis, in order to
evaluate them by contour integration a suitable simple closed contour I" must be
introduced that includes as part of the contour the piece of the real axis that is
involved. An essential feature of an analytic function f(z) that is to be integrated
must be that it, or its real or imaginary part, reduces to the required real improper
integral on the real axis. In addition to this, in general, on the segment of the
contour I" that does not include the real axis, the modulus of f(z) must tend to zero
sufficiently rapidly as |z]| — oo that the integral around that segment vanishes.

When the entire real axis is involved, the contour I' is usually taken to be the
contour formed by the segment of the real axis from — R to R, and the semicircle
" with the equation |z| = Rin the upper half of the complex plane, with the sense
of integration taken in the counterclockwise sense around I', as shown in Fig. 15.8a.

If we consider functions f(z) that have no poles on the real axis, an improper
integral of f(z) over the interval (—oo, 00) is evaluated by first taking R sufficiently
large that all the poles of f(z) in the upper-half of the complex plane lie inside
I, applying the residue theorem to [, f(z)dz, and then proceeding to the limit at
R — oo. It is this choice of contour that introduces the Cauchy principal value of
improper integrals taken over an infinite interval.

Later we will consider the situation in which a simple pole of f(z) occurs on
the real axis at xp, when we will see it is necessary to exclude it from the contour
of I" by indenting the contour at xy by the addition of a small semicircle of radius
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-R 0 R x 0

(a) (b)

FIGURE 15.8 (a) The contour I in the upper half of the complex plane. (b) An indented
contour I in the upper half of the complex plane.

p extending into the upper half of the complex plane, as shown in Fig. 15.8b. Then,
after applying the residue theorem and giving due consideration to the effect of
integration around the indentation, R is allowed to tend to infinity and p to tend
to zero. In such a case the Cauchy principal value of the integral is due to reducing
the indentation at x( to one of vanishingly small radius, and also to taking the limit
symmetrically with respect to the origin as R tends to infinity.

This general approach to the evaluation of real integrals will be seen to work
for functions f(z) with the property that the integral around the semicircular part
of the contour I'g vanishes in the limit as the radius of the semicircle R — oo. This
means that for the method to succeed we must impose the condition

lim
R—00

f(z)dz =0. (39)

r

Later we will find conditions to be satisfied by the most frequently occurring types
of integrand for which this result is always true. First, however, to illustrate the
general approach, we begin by assuming condition (39) and applying the method
to a typical example.

Evaluate the integral

* dx
PV. —_—
/;oo 14 x4

and show that the P.V. symbol can be omitted from the result.

Solution The function f(z) = 1/(1 + z*) reduces to f(x) = 1/(1 + x*) on the real
axis, and the integrand has simple poles at the four zeros of 1 4 z* given by z; =
em(1+20/4 with k = 0, 1, 2, 3, but only the two zeros at

i/4 3i/4

n=e and z1 =e¢

lie in the upper half of the complex plane. So, as the interval of integration extends
over the entire real axis, we will consider the integral of f(z) around the contour
of Fig. 15.8a.
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A simple calculation shows that

1 . 1
Res[f(2). ] = ~;¢™/* and Res[f(2), ] = ;e ™"

so when the radius R of the semicircle I'g in Fig. 15.8a is large enough for the poles
at zo and z; to lie inside I', an application of the residue theorem gives

d Rod d
/r 1+Zz4 ")kl +xx4 +/r 1+Zz4 = (Res[f(2). o] + Resl f(2). a1]).

Letting R — oo, assuming that limg_, o, er I_‘i—; = 0, and substituting the values of
the residues reduce this to

00 dx eiﬂ/4 _ e—in/4 T T
/,oo1+x4 ”( 2i ) MY =5

The symbol P.V. can only be omitted if the Cauchy principal value and the value
of the improper integral are equal. This result will be true if we can show that the
improper integral converges, because the Cauchy principal value is obtained as one
of the possible ways in which the limits in (36) may be taken, so that then the two
integrals must be equal.

We use a comparison argument to justify the removal of the P.V. symbol. The in-
tegrand 1/(1 4+ x*) < 1/(1 + x?) forall x, so the convergence of the integral [°_ &

—00 142
thgt.has been established proves the convergence of [ 11’;4, and so justifies
writing

/°° dx  m
o LHx4 2

The integrand is finite, continuous, and symmetric about the origin, so we may

conclude that
/Oo dx _1/"" dx o
o L+xt 2] 1+x* " 22 =

The theorem we now prove provides conditions that ensure the validity of the
limit in (39) when the modulus of the integrand f(z) decreases sufficiently rapidly
as |z| becomes large. The theorem is particularly useful when f(z) is a quotient
of two polynomials in z, that is to say when f(z) is a rational function, which we
choose to write as

_agtaz+ -+ an”

12)= bo+biz+ -+ byt

(40)

‘We have

1Z"|ao/Z" + a1 /2" + - + ayl
|z"||bo/ 2" +b1/z”*1 + -4 byl ’

1 f(2)| =

but as |z| increases, terms such as |c|/|z|", and hence ones such as ¢/z", tend to zero,
showing that when |z] is large | f(z)| can be overestimated by

[f(2)] < (41)

,
n—m
|zl

for some finite positive constant K, and n — m positive, zero or negative.
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Estimation of /|, f(z)dz when f(z) decays rapidly for large |z| Let f(z) be ana-
lytic in the upper half of the complex plane with the exception of a finite number
of poles at the points z1, 22, . .., zy. Then if for |z| > Rthe function f(z)is such that
| f(2)| < K/|z|'*%, with K and § positive constants,

lim f(z)dz=0,
R—o0 P

where 'z is the part of the circle |z| = R that lies in the upper half of the complex
plane.

Proof OnTgwehave z = Re'”, so from the usual integral inequality,

‘ f(2)dz < /n | f(Re'”)Rie'|do
'z 0

= ‘ / f(Re")Rie" do
0

T K K

The result of the theorem now follows directly by taking the limit as R — oo.
|

Theorem 15.15 provides the justification for the use of property (39) that was
assumed in Example 15.22, because for large |z| it follows from (41) that a constant
K can be found such that | f(z)| < K/|z|*, showing that in this case § = 3.

Evaluate the integral

® g4 x? .
f —4dx where a is a real constant.
o 14+x

Solution The integrand is an even function of x, so

> g 4 x? 1 [®a+x?
——dx = = ——dx.
o 14+x* 2 ) o 1T+ x4
The function f(z) = (a + z%)/(1 + z*) reduces to the required integrand on the

real axis, so integrating f(z) around the contour in Fig. 15.8a and using the residue
theorem leads to the result

a+ 7 Ra+x? a+ 7 )
/r1+z4dz_/7R mdx —i—/FR 1+Z4dz_2m{Res[f(z),zo]+Res[f(z),Zl]},

when R is sufficiently large that I contains the two of the four simple poles of f(z)
that lie in the upper half of the complex plane at the points zo = ¢*//* and z; = e¥/4,
These poles occur at the same points as those of Example 15.27, though the residues
are different.
We find that
a-+i a—i

rvsi oy M Relf@.al= s

Res[ f(z), z0] = 2\/2(1 +i)’
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THEOREM 15.16

a useful theorem
when |f(Z)| decays
rapidly as |z| — oo

so substituting these values in the preceding result gives

/szdx—i—/ LAY SR a-! T @+1).
g 14x re 1+ 2 zfz(i—1) 2{(1+l) 2

Theorem 15.15 applies, because for large |z| a positive constant K can be found such
that | f(z)] < K/|z|* corresponding to § = 1, so proceeding to the limit as R — 0o
gives

a+x?
P.V. / T s 4 \/_(a +1).

To justify removing the P.V. symbol we need to show that the improper integral
is convergent. As the integrand (a + x?)/(1 + x*) is an even function of x and its
integral over any finite interval is finite, it will be sufficient to show that [ ‘ffﬁ dx
is finite for any R > 0. This is indeed so, because for large R it is always possible
to find an M > 0 such that (a + x?)/(1 4+ x*) < M/x?, and [p° M/x*dx = M/R is
finite, so we are justified in writing

a4 x? 1 / > a4+ x? b4
dx = = dx = a+1).
/0 1+ x4 2 ) o 14 x4 2ﬁ( ) -
We now combine Theorem 15.5 and the residue theorem to arrive at the following
theorem that enables the rapid evaluation of a certain type of improper integral.

Integration of functions that decay rapidly as |z| becomes large Let f(z) be ana-
lytic in the upper half of the complex plane with the exception of a finite number of
poles at the points zi, z2, .. ., zy, and let no poles of f(z) lie on the real axis. Then
if for |z > R the function f(z) is such that | f(z)| < K/|z|'*®, where K and § are
positive constants,

[} N
P.V./ f(x)dx =2mi Z Res[ f(z), zx]- ™
~ —

Notice that when the function f(z) in Theorem 15.16 is a rational function of
the form (40), the condition | f(z)| < K/|z|'*® when |z| > R becomes the condition
n—m>2.

Evaluate the integral

[e9) X2
——dx.
/,oo a+ey ™

Solution We set f(z) = z2/(1 + z%)*, because this reduces to the required inte-
grand on the real axis, and notice that the conditions of Theorem 15.16 are satisfied
by f(z), because for large |z| it behaves like K/|z|®. Writing

ZZ

(z— i)z +0)*
shows that f(z) only has a single pole of order 4 at z =i in the upper half of the

f(z) =
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complex plane with

Res[ f(2),i] = —3%.

From Theorem 15.16 we have

©  x2dx i T
pv. [ Y _oni(-L)=Z.
Lo 1+ x2)* m( 32) 16

The P.V. symbol can be omitted because the integrand is everywhere continuous
and finite, and for large x the integrand behaves like 1/x° showing that the improper
integral is convergent, so we conclude that

/°° x%dx o
LAY 16 -

(c) Improper Integrals with Integrands
of the Form e'"*Q(2)

Another important type of improper integral that occurs is one where the integrand
is of the form f(z) = ¢*(Q(z), involving the product of an exponential factor e
with m > 0 and a rational function Q(z). If the method of residues is to be used to
evaluate improper integrals of this type it is necessary to find conditions that will
ensure the validity of the limit in (39) when f(z) is of this form.

The first step when seeking to establish such a condition is to prove a result
known as the Jordan inequality, and an associated result that we will call the Jordan
integral inequality.

The Jordan inequality and integral inequality

26
(@) — <sinf <6, for0<60 <x/2 (Jordaninequality)
T

/2 )
(b) / R I ;—k(l —e¢), fork>0 (Jordan integral inequality).
0

Proof
(a) Assuming the inequality to be true, division by 6 allows it to be written as
i 2
1zgz—, for0 <6 <n/2.
0 b4
Setting S(6) = sin6/6 we have S(7/2) = 2/7, and from L’Hospital’s rule

. . sin6
S(0) = iy 500 = iy %5 = 1.
so the upper and lower limits of the Jordan inequality have been established. The
inequality will be proved if we can show that §'(0) < 0 for 0 < 6 < /2, because

then S(0) will be a strictly decreasing function of 6 in the interval.
Differentiation of S(0) gives

6 cos® —sin6

S(0) = =2
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THEOREM 15.17

the useful Jordan'’s
lemma

so the sign of §'(0) is determined by the sign of 4(0) = 0 cos§ — sinf. Using the
results 4(0) = 0 and /4'(9) = —0 sin 6 shows that #/(0) < 0for 0 <0 < 7/2,s0 h(0)
and hence also S(6) are strictly decreasing functions of 6 in the given interval, and
the Jordan inequality is proved.

(b) The integral form of the inequality follows by replacing sin¢ by 26/ in the
integrand e~**"? and then integrating to obtain the stated result. ]

We now use the Jordan integral inequality to prove the next result known as
Jordan’s lemma.

Jordan’s lemma Let m be a positive constant and Q(z) be a continuous function
in the upper half of the complex plane, such that for |z| > Ry

Mg = max |Q(z)] > 0 as R— oo,
zelg
where I'y is the semicircle |z| = R in the upper half of the complex plane. Then

lim | "™ Q(z)dz=0.

R—>o0 g

Proof Let z lie on the semicircle I'g with R > Ry, so z = Re'’ and dz = i Re!?df.
Then

|eimz| — |eimR(cosé7+i sin9)| — e—mRsinO

’

and on I'g we have

/FR e Q(2)dz

< max | Q(2)| / e™"Rsin0 Rip = RMpg / e MRsin gy
zel'g 0 0

The last integral cannot be evaluated as it stands, but because of the symmetry
of sin 0 about the value § = 7/2 the integral can be written as

T ) /2 )
RMR/ emesmOde — ZRMR / 87MR51n9d9.
0 0

As the interval of integration is now 0 < 6 < 7/2, we can apply the Jordan integral
inequality to arrive at the estimate

/2 ) M
2 RMp f emmRsing gg < TR () pomR).
0 m
Thus,
A M
/ ¢ Q(2)dz| < TR (1 — ey,
I'x m

but by hypothesis Mg — 0 as R — oo, so the right-hand side of this inequality
vanishes and the result is proved. ]

Coupling Jordan’s lemma with the residue theorem, we arrive at the following
theorem, which enables the rapid evaluation of improper integrals with integrands
that involve a product of an exponential factor and a rational function.
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Integration of functions of the form ¢ (Q(z) Let m > 0 be a real constant, and
f(z) = €™ Q(z) be analytic in the upper half of the complex plane with the excep-
tion of a finite number of poles at the points z1, z2, . . ., Zn, and let no poles of f(z)
lie on the real axis. Then if for |z| > R the function Q(z) is such that for all z in the
upper half of the complex plane

lim [Q(z)| — 0,
|z] > 00
it follows that

oo N
P.V./ "™ Q(x)dx = 2mi Z Res[e"™ Q(z), z]. -
—00 k=1

The following theorem is often useful in establishing the convergence of inte-
grals obtained by using Theorem 15.19, and so justifying the omission of the P.V.
symbol.

Convergence of integrals with integrands of the form ¢ Q(z) Let Q(x) > 0
be a strictly decreasing function of x for 0 < x < oo such that lim,_, ., Q(x) = 0.
Then, provided the integrands are finite at the origin, the improper integrals
Jo° O(x) cosmxdx and [;° O(x)sinmxdx are convergent. Furthermore, if O(x) is
an even function, the improper integral ffooo O(x) cosmxdx is convergent, and if

O(x) is an odd function the improper integral [ O(x) sin mxdx is convergent.

Proof As Q(x) > 0, the sign of the integrand in [;~ Q(x) cos mxdx will be deter-
mined by the sign of cos mx. The function cos mx changes sign in adjacent intervals
of the form (2n — 1)7/2m < x < 2n+ 1)7/2m,forn =1,2, ..., so setting

2n+1)r/2m
I, =/ O(x)|cos mx|dx
2n—1)7/2m

allows us to write

(2n+1)7/2m
/ O(x)cosmxdx = (—1)"1,.
2n—1)7/2m

This result enables the original integral to be written as

/oo O(x) cos mxdx = /n/2m O(x) cos mxdx + i(—l)nln.
0 0

n=1

By hypothesis, Q(x) is a strictly decreasing function of x,so 0 < I,1 < I, but
lim, o Q(x) = 0, so we also have lim,_, « I, = 0. The series Y .- (—1)"1, is seen
to be an alternating series satisfying the alternating series test for convergence, and
so has a finite sum. As the integrand is assumed to be finite at the origin, the term

o/ ™ O(x) cos mxdx is finite, showing that the integral 15" O(x) cos mxdx has a
finite sum. This has proved the integral to be convergent, thus allowing the P.V.
symbol to be omitted. The convergence of fooo O(x)sinmxdx can be established
in similar fashion. In the case of integrals over an infinite interval, the conditions
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imposed on Q(x) in the last part of the theorem allow the integrals to be reduced
to one of the cases just considered, so the proof is complete. ]

Evaluate the integral
*  cosx
—————dx.
/,oo T+
Solution The real part of f(z) = exp(iz)/(1+ z%)* reduces to the required inte-
grand on the real axis, so we take this for our integrand. An attempt to use the
more obvious choice of integrand cos z/(1 + z?)* must be avoided because it would
introduce unnecessary complications due to the behavior of f(z) as |z]| = oco. As
in Example 15.27, the integrand only has a single pole of order 4 located at z =7 in
the upper half of the complex plane. A routine calculation shows that the residue
atz=1i1is
37i

Res[ f(z),i] = ~ 96"

The conditions of Theorem 15.19 are seen to be satisfied, so it follows that

PV/ exp(lz) P ( 371) _ 37_7[

o (I + 2)4 96e 48
Equating the real parts of the expressions on each side of the equation gives
cosx 3771
P.V. —.
/ o (I + x2)4 48

The justification for the removal of the P.V. symbol follows from the form of
proof used in Theorem 15.19 by setting

(2n+3)m/2
In=/ JeosH e withn=1.2,....
nityrz (14 x2)

Consequently, we can write

[ T _cosx dx = 3Tn or, equivalentl / T _cosx dx = 37
o A+ T s O S N Gl T T

Had the imaginary parts been equated, we would have obtained the result

©  sinx
——dx=0
/_oo T+ =0

which is to be expected because the integral is convergent and the integrand is an
odd function. ]

® xsinx
|
0 (X2 + 1)2
Solution The integrand is an even function of x, so we will consider the integral

/°° xsinx d
— dx
oo (X2 4 1)2

Evaluate the integral
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We integrate the function f(z) = zexp(iz)/(z> +1)? around the contour I' in
Fig. 15.8a and notice that when |z]| is sufficiently large, f(z) only has a single pole
of order 2 at the point z = i inside I". We find that

Res[ f(z),i] = 4i

so as f(z) satisfies the conditions of Theorem 15.18, after equating the imaginary

parts we have
xexp(zx) 1 i
PV. =2 — ==
/oc (x —i—l)2 i <4e> 2e

*  xsinx b4
PV. ———dx = —.
f,oo (x2+1)2 YT 2

The conditions of Theorem 15.19 are satisfied if in its proof we define

(n+1)m :
In=/ x| sin x| ————dx forn=1,2,...,
n

and so

o (+x2)
so the P.V. symbol can be omitted, leading to the result
* xsinx b4
——dx = —. [ |
/0 (¥ +1)? YT 4

The last example is somewhat different, because it involves an integrand that
is an entire function, so by the Cauchy—Goursat theorem its integral around any
simple closed contour must be zero, though in this case the contour used is a sector
of a circle and not a semicircle.

By considering the integral

/ exp(iz)dz
r

around a suitable contour I', show that

o0 o0
[ cosx’dx = / sin x2dx = 1 z.
0 0 2V 2

Solution These integrals, called the Fresnel integrals, are of importance in engi-
neering and physics in connection with the study of diffraction phenomena. For
reasons that will appear later, we take for the positively oriented contour I' the
boundary of the sector of a circle shown in Fig. 15.9 with the internal angle 7 /4,
and the positively directed circular arc AB of radius R denoted by I'g.

The integrand exp(iz?) is an entire function, so from the Cauchy-Goursat
theorem

/ exp(iz?)dz =0
r

To derive the required improper integrals, we represent the integral around I' as
the sum of integrals along the real axis from O to A, along the arc I'g from A to
B, and along the radial line from B to O (take note of the direction of integration
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y z-plane B
I'g
/4 A
(@] R X
FIGURE 15.9 The sector bounded by the
contour I'.

along this line), as a result of which we find that

/;exp(izz)dZZ /;)Aexp(izz)dz—kf

'

exp(iz?)dz + [ exp(iz?)dz = 0.
BO

Line segment AB lies on the real axis, so on AB we have z = x and hence
dz = dx, whereas on the radial line OB inclined at an angle /4 to the real axis
z=re™* sohere dz = ¢™/*dr and iz = —r?. Using these results in the preceding
equation reduces it to

R 0
/ exp(ix?)dx + / exp(iz’)dz + ei”/“/ exp(—r?)dr = 0.
0 R

I'r

Reversing the limits of integration in the last integral and rearranging terms gives

R R
/ exp(ix?)dx + / exp(iz’)dz = ei”/“/ exp(—r?)dr.
0 'z 0
Taking the limit of this result as R — oo gives

o0
P.V./ exp(ix?)dx + lim / exp(izz)dz:ei”/4ﬁ,
0 R—00 Tk 2

where we have used the standard result from calculus that

o 1
/ exp(—r?)dr = E\/E
0

As neither Theorem 15.16 nor Theorem 15.18 apply to the integral around I'g,
to make further progress we need to examine the limit

lim Iz = lim [ exp(iz®)dz.
R—o0 R—o0 Tk

On I'k we have z = Re'?, with0 < 6 < /4, so
exp(iz’) = exp(i R* cos 20) - exp(— R*sin20) and dz =iRe'’do,

showing that

/4 )
Igr = / exp(i R? cos 0) - exp(— R%sin20)i Re'’ d.
0
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To estimate this integral we take its modulus and use the standard integral inequality
/4 )
[Ig| < / |exp(i R* cos 0) exp(— R? sin 20)i Re'®|d®,
0

together with the fact that |i Re'™/4| = R and | exp(i R* cos 20)| = 1, to arrive at the
inequality

/4
[Ig| < R/ exp(— R’ sin26)do.
0

The integral on the right cannot be evaluated in terms of simple functions, but it
can be estimated with the help of the Jordan inequality. The interval of integration
involved is 0 < 6 < /4, so on this interval 0 < 26 < /2. If we replace 6 by 26 in
the Jordan inequality, the result becomes

40
sin20 < —,
T

from which we see that

4RO
exp(—R?sin26) < exp <— > ,
b/

leading to the inequality

/4 4R%0
[Ig] < R/ exp| — do = 1[1 — exp(—R?)].
0 v 4R

Taking the limit of this last result as R — oo gives limg_, |Ig| = 0, showing
that the integral around the arc I"g vanishes in the limit as R — oo.
Using this result in the contour integral around I', we conclude that

P.V./ exp(ix?)dx = ei”/“g.
0

The Fresnel integrals follow by omitting the P.V. symbol and equating the respective
real and imaginary parts on each side of this equation to obtain

oo o0
/ cos x*dx =/ sin x?dx =1 z
0 0 2V 2

The justification for the removal of the P.V. symbols follows by using an argu-
ment similar to the one employed in Theorem 15.19, because as x increases the
integrands oscillate more frequently, causing integrals over successive periods to
form convergent alternating series.

The reason for choosing the contour I' to be the boundary of a sector with angle
/4 is now apparent, because were the angle to exceed 7 /4, Jordan’s inequality
could not be used to estimate |Ig|. If, on the other hand, the angle were to be less
than /4 the form of the resulting integrals would be different, and to evaluate
them the values of the Fresnel integrals would need to be known. ]

(d) Improper Integrals with Poles
on the Real Axis

We now consider improper integrals where a simple pole of the integrand occurs
on the real axis. Let f(z) have a simple pole located at a point xy on the real axis



854 Chapter 15 Laurent Series, Residues, and Contour Integration

indentations

integration around an
indented simple pole

z-plane z-plane

-R 0

FIGURE 15.10 An indentation I', at xy on the FIGURE 15.11 A contour I" indented at xy on
real axis. the real axis.

that forms part of the integration path in a contour integral. To prevent the contour
passing through the pole, the contour is deformed in a neighborhood of xy by a small
semicircle of radius r centered on x( extending into the upper half of the complex
plane, as shown in Fig. 15.10, and we denote this indentation by I"

The Laurent series representation of f(z) at xo is

f@) =~

X())n

where a_; = Res[ f(2), x0]. OnT',, z = xo +re’ and dz = ire'?dd with0 < 0 < 7,
so integrating around I', in the positive sense gives

hm/ f(z2)dz = hm/ zre"’d& +hm Zan/ nei"irel? do

= ia_1/ do = ina_l
0
= i Res[ f(2), xo].

So, in the limit as r — 0, we have shown that integrating in the positive sense
around the semicircular indentation I', above the simple pole located at the point
Xp on the real axis yields 77 Res[ f(z), xo]. This result is seen to be half the result
that would have been obtained had the integration been taken around a circle with
the pole at xj at its center.

This same form of argument establishes the more general result that if a simple
pole is located at zy, then integration around the pole using a path in the form of a
sector of a circle I, located at zo with an arbitrarily small radius  and an internal
angle « yields the result

fr f(2)dz = ia Res[£(2). z]. (42)

Consider a function f(z) that has a finite number of poles located at z,
22, ..., 2y in the upper half of the complex plane and a simple pole on the real
axis at xo. Let the positively oriented contour I be the one shown in Fig. 15.11,
where the indentation above the pole at xy is denoted by T',, and I' g denoting the
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semicircle of radius R. Then, when R is sufficiently large that all of the poles above
the real axis lie inside I, integrating around I' in the positive sense gives

frf(z)dZZ /iz—r f(x)dx—i—/rr f(2)dz+ ‘ f(x)dx+/;R f(2)dz

Xo+r
=2mi ;Res[f(z), z] when 1%220 /FR f(z)dz=0.

Before proceeding to the limit as R — oo and r — 0, we notice that the inte-
gration around I, corresponding to @ = 7 in (42), is in the negative sense, so after
the limits have been taken, the result becomes

o0

/xw f(x)dx — wiRes[ f(z), xo] + f(x)dx =2mi Xn: Res| f(z), zx].
—00 k=1

Xo+

Combining the integrals and rearranging terms gives

P.V. /w f(x)dx = wiRes| f(z), xo] + 27i Xn: Res[ f(z), z«]- (43)

k=1

This result extends immediately to a function with m simple poles located on
the real axis and so leads to the following theorem.

The residue theorem when poles are located on the real axis Let an analytic
. . . function f(z) have npoles at the points z1, 25, . . ., Z, in the upper half of the complex
'f:tni%:::‘ss':v‘i':;v::ﬁe s plane and msimple poles at the points x1, Xy, . . ., X, on the real axis. Then, provided
on the real axis limg- o0 [;., f(2)dz = 0 where T'g is the semicircle |z| = R in the upper half of the

complex plane,

PV. / FCodx =i S Res[ £(2), xel + 271 3 Res[ £(2), 2. 0
—00 k=1 k=1
PETTITEEEEM Evaluate the integral
/ sin x dx.
0 X

Solution The integrand is an even function of x, and because lim,_o(sinx/x) = 1
the singularity at the origin is removable, so we consider the integral

o s
sin x

/ Y .

e X

To evaluate this integral we integrate the function f(z) = exp(iz)/z around a con-
tour I" indented at the origin, as shown in Fig. 15.12, because using the function
f(z) = sin z/z would introduce unnecessary complications when z is large.

The only pole of f(z) is a simple pole at the origin, where Res[ f(z),0] =1,
so as the conditions of Jordan’s lemma are satisfied, we can use Theorem 15.20 to
evaluate the integral. An application of the theorem gives

PV. / exp(ix) ) _ i

X
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y
y
z-plane z-plane
I'g
7] M
-R - 0 X -R 0 1 2 R X
FIGURE 15.12 The contour I' indented at the FIGURE 15.13 The contour I' indented at
origin. x =1 and x = 2 on the real axis.

Equating the imaginary parts of the expressions on each side of the last equation
gives

P.V./ ydx—n
o X

As x = 0 is a removable singularity the integrand sin x/x is finite at the origin,
so this fact together with the form of argument used in Example 15.30 justifies the
removal of the P.V. symbol, and we have proved that

/ smx / s1nxd T
2 de= | ——dx=7 -

PETTTEEEYI Evaluate the integral

/°° COS X
oo (X2 +1)(x2 —3x + 2)

Solution We choose for the integrand the function f(z) = exp(iz)/[(Z> + 1)(z* —
3z +2)]. This has simple poles at z = +i, z = 1, and z = 2. Modifying the contour
in Fig. 15.10 to allow for the two simple poles on the real axis leads to integration
around the indented contour shown in Fig. 15.13, which contains the simple pole at
z = i. The usual calculations show that

Res| f(z),i] = (320 ),

Res[ f(2),2] = %(COS(Z) + isin(2)).

Res[ f(2), 1] = —%(cos(l) +isin(1)) and

The conditions of Theorem 15.20 are seen to be satisfied, so
o0 exp(ix)
PV.
/,oo (x2 +1)(x2 — 3x+2)
= 2miRes| f(2), i] + wi{Res[ f(z), 1]+ Res| f(z), 2]}

— o (325;) i (_ [cos(1) —;i sin(l)]> v o (005(2) —;i sin(2)> '

Equating the real parts on each side of this equation shows that

° COS X i
PV. /_OO @02 - 3x+2) =10 < + 5sin(1) — 251n(2))
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In this case, because of the complexity of the integrand, no attempt will be made to
investigate whether the P.V. symbol can be omitted.

Although not required, equating imaginary parts on each side of the equation
shows that

°° sin x T /3
PV. _T (3.5 o _ o).
/_oo (2 + 1)(x2 _3x+2)dx 10 <e +2cos(2) — 5cos( ))

This determination of two real improper integrals when only one was required is
typical of the evaluation of real integrals by contour integration. ]

(e) Improper Integrals with Branch Points

Finally, we consider improper integrals of functions with a branch point. To evaluate
these by means of contour integration it is necessary to cut the complex plane in an
appropriate manner to make the integrand single valued, and to specify the branch
of the integrand that is to be used. An important class of integrals of this type are
of the form

/oo b P(x)dx, (44)
0

where « is not an integer and P(x) is a rational function of x. This integral will have
a finite value if P(x) has no poles on the positive real axis and it is such that

liII(l) |z1“P(z) =0 and |llim |z|1“P(z) = 0. (45)
7— zZ|—> o0

Provided z = 0 is neither a pole nor a zero of P(z), the first of these conditions
implies thato > 0. Let the rational function P(z) with real coefficientsag, a1, .. ., a;,
and by, by, ..., b, be written

ap"+a "+t ap,

boz" + bzt 4+ by

so that for large |z| a constant K exists such that P(z) < K/|z"~™|. Then the second
condition in (45) will be satisfied when n — m — @ > 0. Taken together, these con-

ditions show the integral will have a finite value when 0 < @ < n — m, and they also
imply that

P(z) =

Jim |P(z) =0,
Z|— 00

To take account of the fact that z%~! is many valued and has a branch point
at the origin, it is necessary to cut the complex plane to make z*~! (and hence
the integrand) single valued, and then to choose a branch of z%~!'. The cut we
will make is along the positive real axis up to and including the origin, so that arg
z2=0+2kmr,withk =0, &1, £2, ..., and 0 in the interval 0 < 6 < 2. The contour
I" that will be used is shown in Fig. 15.14 and comprises the circular contour I'g with
equation |z| = R, the cut with its sides immediately above and below the positive
real axis, and the circular contour I', with equation |z| = p around the branch point
at the origin. We will work with the branch corresponding to k = 0, so z = e’ and
7¢~1 = re~le(@=1% The principal branch is positive on the side of the cut that lies
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z-plane

S

FIGURE 15.14 The contour I" used to evaluate
Jo© x¥7 1 P(x)dx.

above the positive real axis. This branch of the function z*~! P(z) is now single
valued in the cut plane, so we can use the residue theorem to evaluate the integral.

When substituting for z in the various integrals that arise while integrating
around I', it is necessary to express z in its modulus—argument form to take account
of the different forms taken by the integrand z%~! P(z) on either side of the cut.
Setting z = re'”, with 0 < 6 < 27, it follows that on AB z =re® =r and dz = dr,
so that

27 P(2) = r* 7 P(r),
while on CD 7z = re?™ and dz = e**dr, so then
Za71 P(Z) — rotfle(afl)Zm'P(r).

We now set f(z) = z%! P(z), and consider the case where f(z) has poles at
21, 22, - - - » Zn, none of which lies on the positive real axis. Integrating around the
contour I' in Fig. 15.14 gives

R P )
/ r*~ L P(r)dr + / 2 VP(2)dz + / retexp[(a — 1)27i| P(r)e* dr
14 FR R

+ / 21 P(2)dz = 2ni Zn:Res[ 1(2), z)-

Ty k=1

The conditions (45) with 0 < « < n — m ensure the vanishing of both the in-
tegral around I'g in the limit as R — oo and the integral around I', as p — 0, so
taking the limit as R — oo and p — 0 reduces the preceding result to

oo 0 n
/ re = P(r)dr + ¥ / r* ' P(r)dr = 2mi Y Res| f(2), z].
0 k=1

o]
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Replacing the dummy variable r by x and rearranging terms, we arrive at the
general result

/"O x“ L P(x)dx = 12% i Res[ f(2). zdl- (40)
. —e k=1

This result forms our next theorem.
Evaluation of integrals of the form [;° x*~1P(x)dx Let f(z) = z* ! P(z) with &

not an integer and

aZ" + a1 " 4+ ap
boz' + b1zt -4 by,

P(z) =

where the coefficients ag, ay, ..., a,, and by, by, ..., b, are allreal, 0 < o < n —m,
and P(z) has neither a pole nor a zero at the origin. In addition, let the poles of
P(z) located at z1, 22, . .., Z, be such that none lies on the positive real axis. Then

L2 2mi <
a—1 — __ 0 u
/0 x* T P(x)dx = [ Zria kE=1 Res[ f(2). z]

Find a condition on « that ensures that the integral

oo xa—l
f T
0 x4+ 1
exists, and evaluate the integral subject to this condition.

Solution 1In the notation of Theorem 15.21, the rational function P(z) =1/
(1+2%), so m=0 and n = 2. The condition on « that ensures the existence of
the integral is 0 < « < n — m, so we must have 0 < « < 2. The function P(z) has
simple poles at z = +i, neither of which lies on the positive real axis, and P(0) # 0,
so all the conditions of Theorem 15.21 are satisfied.

Using the result of the theorem with f(z) = z*~!/(1 + z?) we find that

) ) ) Zotfl ) Zotfl lafl l'a72
Rl .01 =i | = ey | =[5 ] - 5 =

buti = e™/2, s0

1 . 1 A
Res[ f(z),i] = Ee(Ot—Z)m/z _ —ze""”/z,

Similarly,

R ) Za—] L Za—l _ (_i)a—l _ (_i)oz—Z
Res| f(2). —i] = lim, |:(Z+l)m]_zll>n—li|:z—i:|_ 0 2

but —i = ¢37/2 50

1 ) 1 ‘
RCS[f(Z)’ —l] = Ee("‘_2)37”/2 — —5630””/2,
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Using these residues in Theorem 15.21 gives
0 xoz—l p 27i eam’/Z e3a7ri/2 ) eani/2+e—ani/2
/0 1+x2x_1_620mi|:_ 2 - 2 :|_7”|: ew‘ti_e—omi :|
_ mcos(an/2)
~ sin(am)

and we have shown that

e’} —1
o cos 2 . . .
/ x—dx = nM, when « is not an integer and with 0 < o < 2.
0 x2+1 sin(or)
| ]

Different types of function with branch points can be evaluated by means of
contour integration, provided the complex plane is cut in a suitable manner to make
the integrand single valued and a branch of the function is specified. The integrand
in the next example involves the logarithmic function that has a branch point at the
origin and infinitely many branches.

Show that

* logx g
/(; mdx = %lna (a > 0)

Solution The function log z has infinitely many branches, so we will work with the
principal branch Log z. The contour I' to be used is shown in Fig. 15.15, in which
the cut is made along the negative real axis, and an indentation is made around the
branch point of Log z located at the origin. The contour I'g is the semicircle with
the equation |z] = R and Im z > 0, and the contour I',, is the semicircle with the
equation |z] = p and Im z > 0.

With the cut as shown in Fig. 15.15, Arg z =0 is restricted to the interval
0<6 <m, soz=re? and Log z=Inr +i6. Setting f(z) = Log z/(z*> + a?), we
see that when Ris large the only singularity of f(z) inside the contour I' is a simple
pole at z = ia, where

Res[f(2), ia] = lim [(z —ia) f(2)] = Log (ia)/(2a),

z-plane

-R 0 P R X

FIGURE 15.15 The contour I" used to evaluate
oo logx d
Jo 24X
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buti = ™2 s0

Ina +in/2
2ia

Res[ f(2), ia] =

On the positive real axis z = re’’ = r and dz = dr, whereas on the negative real
axis z =re'" and dz = e'"dr,so as the simple pole at z = ia lies inside I', integration

around I leads to the result

R Inr P nrtin . .
/ 2 + zdl’ +/ f(z)dz +f m dr + f(Z)dZ = 27'[1 R€S[f(z), la].
P rp

OnTgz= Re!? and dz =i Re'?d#, so

T InR+im | i
| [ e

</” RIn R d9</”R In R d0 < In R
=) R a2V =)y ") =" R )
but as limg_ . (In R/R) = 0 it follows from this that fr f(z)dz — 0 as R — oo.
A similar argument shows fr f(z)dz — 0 as p — 0, because when p is small
the integrand is approximated by the function p In p that vanishes in the limit as

p — 0. Taking the limit at R — oo and p — 0, and using the factor ¢ = —1 to
reverse the limits in the third integral on the left gives

*® Inr “lnr+in (Ina+in/2
/0 7r2~|—a2dr+/0 i dr_2m(42ia )

Equating the real parts on either side of the equation and replacing the dummy
variable r by x gives the required result,

* logx wlna
———dx = 0).
/0 2ra™ 2a (a>0)

f(z)dz

Equating the imaginary parts and again replacing the dummy variable r by x gives

the elementary result,
f © dx m
0 Xx2+a?> 2a’ =

Alternative accounts and more information about Taylor and Laurent series,
residues, the evaluation of real integrals by means of contour integrals, and the
treatment of contour integrals involving branch points can be found in references
[6.1] to [6.4] and [6.6] to [6.9].

After reviewing the concept of the Cauchy principal value of a definite integral, the residue
theorem was used to evaluate real integrals in terms of the limit of associated contour
integrals as the contour becomes arbitrarily large. The cases considered involved integrands
with poles strictly inside the contour of integration, part of which was along the real axis,
integrands with poles both inside and on an indented contour, and integration around an
integrand with a branch point.
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EXERCISES 15.5

Integrands without poles on the real axis

In Exercises 1 through 6 evaluate the integrals using the
contour in Fig 15.8a.

x2

f e Z)Zd" (@>0). 5. f @i
o] 2

x o x?
2./ P ————dx (@a>0). 6. /;OO (x2+a2)(x2+b2)2dx

* X (a,b>0,a #b).
3. /(; md}( (a >O)

o0 xZ
4. [ —F
[ wrowrmt
(a,b > 0).

Integrands of the form ™ Q(z)

In Exercises 7 through 11 evaluate the integrals using the
contour in Fig. 15.8a.

®  cosx
7. /(; mdx (ﬂ > 0)

cosax
o PPy

o0

dx (a,b>0).
0 cos x
9. /(; md}( (a, b > 0)
XSII'I)C
10. / g

11/ Xsinme o),

4 +a 4
2. By integrating around the contour in Fig. 15.16, show
that
* dx i
= =1,2,...).

[m 1+x?  nsin(r/2n) (n=1, )

2n/n
0 R

FIGURE 15.16 The contour for Exercise 12.

Integrands with poles on the real axis

In Exercises 13 through 22 evaluate the integrals using a
contour comprising the semicircle |z| = Rin the upper half
of the complex plane and a suitably indented real axis.

® sinmx
13. PV. —
/0 (-

14. PV. / SAY _4x (b > 0).
0

x(x% 4 b?)?

b
15. PV/ wdx (a>0,b>0).
sin x

16. P.V.

/ (x2 +4)(x — 1)

®  sinax

17. PV. ——d ,b>0).

/0 Y1 b)) x (a,b>0)

18. / sin’ xdx (Hint: Integrate the function f(z) =
0 X2
[e** —1]/22).

00 i3
19. / 5123 Y ax (Hint: Integrate the function f(z) =
0

[e3iz — 3¢l + 2]/23).
00 2
20. PV. / .
0

x4 -1
® cosax
21. P\].-/O. mdx (a > 0).
X
22. PV. ——dx.
0 x4 -1 .

Integrands with branch points

In Exercises 23 through 28 evaluate the integrals by inte-
grating around the contour in Fig. 15.14.

23/

24. A mdx (—1 <ou< 3, o 75 1)

dx (-1 <a<1).

25. /:Ol—l—%j—xzdx 0<a<?2).
26. fo % O<a<).
o 172
27. /0 xfﬁdx.
28. /Ooo ﬁdx (-1 <a <3).

In Exercises 29 and 30 evaluate the integrals by integrating
around the contour in Fig. 15.15.

/°° Inx d
———dx = ——.
o (14 x2)? 4

/O" (lnx)zd o
0 1+X2 = 8

29. Show that

N

30. Show that




CHAPTER

The Laplace Inversion Integral

hen applying the Laplace transform to most practical problems, and obtaining the

transform F(s) of the required result, it is usually possible to find the required inverse
transform f(t) by using tables of Laplace transform pairs together with the operational
properties listed in Chapter 7. Sometimes, however, the appropriate transform pairs cannot
be found, so then some other way must be developed that enables the determination of
the inverse Laplace transform. This is the problem that is addressed in the present chapter,
where it is shown how the inversion of a Laplace transform can be performed by means
of a special contour integral called the Laplace inversion integral.

The Laplace transform F(s) of a function f(t) is defined as

F(s) = fo ” et f(t)dt,

provided f(t) is such that the integral exists. The inversion of the Laplace transform to
find the function f(t) from a given transform F (s) was performed in Chapter 7 by using a
table of transform pairs together with the operational properties of the Laplace transform.
In that approach the fact that in general the transform variable s is a complex variable was
not used. However, when more complicated transforms F(s) need to be inverted, and this
cannot be achieved by using a table of transform pairs, it becomes necessary to regard
F(s) as a function of a complex variable and to use complex analysis to find f(t).

This brief chapter uses complex analysis to derive an integral called the Laplace inver-
sion integral that expresses f(t) in terms of a contour integral involving f£(s). The inversion
integral is then applied to some typical cases, where it is shown how the residues of the
transform F(s) can be used to recover the original function f(t).

16:1.. The Inversion Integral for the
Laplace Transform
hen the Laplace transform was introduced in Chapter 7, a table of Laplace
transform pairs was developed by considering the transform variable s to

be real, and these were then used with the operational properties of the Laplace
transform to recover a wide variety of functions f(¢) from elementary Laplace

863
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the Laplace inversion
integral

derivation of the
inversion integral

transforms F(s). As tables of transform pairs do not always contain the required
inverse Laplace transform and s must be allowed to be complex, some other method
must be found by which to determine f(¢t) = L~ {F(s)}.

The method we now derive shows that if f(¢) possesses a Laplace transform
F(s), so that

F(s) = /0 et Fydt, (1)

where s can be complex, f(¢) can be recovered from its Laplace transform F(s) by
means of the complex line integral

c+ioo
f(6) = 21; f TG, @)

where ¢ > 0 is a suitable real constant. The formula in (2) is called the inversion
integral for the Laplace transform F(s), and it involves an integral in the complex
s-plane taken along the line Re{s} = ¢ from minus infinity to infinity. We show later
how this inversion integral can be evaluated in terms of the residues of e*’F(s).

To establish result (2) we use the close relationship that exists between the
complex form of the Fourier integral and the Laplace transform. The nature of this
relationship can be seen from the fact that if

ro={ 0 120 ®

where the real constant ¢ > 0 is chosen to guarantee the existence of F{ f(¢)}, then
from the definition of the complex form of the Fourier transform

_ —iot _ L - —(ctiw)t
FUF0) = fde = —— [ e rgyar

1 oo
— e
V2]T ./;oo

1 <
=— e Mg(t)dr. 4

| a0 )

The integral on the right of (4) is simply the Laplace transform of g(t), though

now the Laplace transform parameter s = ¢ + iw is complex. If F is the Fourier
transform of f, the preceding result can be written

1
V2

To derive the inversion integral (2) we start from the complex form of the
Fourier integral representation for f(¢), which for clarity in the argument that

follows we write as
1 o0 o0 .
) = / [ f f(u)e””(‘_”)du}dw.
2 —00 —00

If we use the expression for f(¢) in (3), this becomes

. 1 f>r [~ ‘
e g(t) = E,/‘ [/0 e""te(”"")“g(u)du]dw.

Flctio) = Lig(n)}. ®)
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However, as e/ is not involved in the integral with respect to u, this can be rewritten

as
—ct 1 > iwt = —su
e g(t):—/ e |:/ e g(u)du]dw,
2n —00 0

where s = ¢ + iw, showing that the integral in brackets is simply the Laplace trans-
form G(s) of g(¢) that exists by hypothesis. As s = ¢+ iw, ds = idw, so after the
change of variable from w to s in the integral with respect to w, the limit ® = —o0
becomes s = ¢ — ioo, and the limit w = oo becomes s = ¢ + ioo, reducing the pre-
vious result to

1 c+ioco
e g(t) = %/ ' e G(s)ds.
C—I100

Finally, cancelling the factor e~ that is not involved in the integral with respect to
s, we arrive at the line integral

1 c+ioo
g(t) = —/ e G(s)ds.
2mi c—ioo

Apart from a change of notation, involving g and G in place of f and F, this is
the inversion formula (2), so the derivation is complete. The function g(¢) will be
independent of the value of ¢ provided Re{s} > c.

An important consequence of this derivation is that g(¢) can be allowed to be
piecewise continuous with finite jump discontinuities. This follows because of the
ability of the Fourier integral representation of a function to take account of finite
jump discontinuities.

For the inversion integral to be useful, the line integral involved must be capa-
ble of evaluation in a straightforward manner, so let us now find how this can be
accomplished. Consider the contour Cgin Fig. 16.1, where Cj g is the line Re{s} = c,
—R < Im{s} < R, and Gy is the semicircle |s — ¢| = R. If the integrand e*’ F(s) in
(2) has a finite number of poles, all located inside Cg, then for sufficiently large R

— [ €' F(s)ds = X {residues at each of the poles of % F(s)}.
2mi Jeg

Im{s}
s-plane

ClR

FIGURE 16.1 The contour Cg
and a typical arrangement of
poles inside Cg.
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THEOREM 16.1

When expressed in terms of the contours Cj g and C;p this result becomes

2mi _iR 2

= ¥ {residues at each of the poles of e*" F(s)}.

1 c+iR 1
f e F(s)ds + —— f o F(s)ds
c Gr

Our objective will be to show that the integral around C, g vanishes as R — oo.

On Cyi we have s =c+ Re'” with 2 <6 < 37”, so after the change of variable

0 = % + ¢ we can write s = ¢ + i Re’®, 0 < ¢ < m, from which it follows that

ds = —Re'?d¢p = —|s — cle?d.
Setting

’

1
Ig= —/ e’ F(s)ds
21i Joyp,

and transferring the modulus from outside the integral to inside, we arrive at the
inequality

1 .
s o [ IFOds
T JCor

= 5= | IFOexpiele + Rcos g — sing))is — cldo.
T Jo

Let us now suppose F(s) is such that |s F(s)| < M on Cyg as R — oo. Then
if we use the fact that for R sufficiently large |s — c| < |s| + |c| < 2]s|, the integral
inequality becomes

ct

Ig < %/ﬂ Is F(s)|e“ exp(— Rt sin ¢)d¢ = Me /ﬂ exp(— Rt sin ¢)de.
0 0

As sin ¢ is symmetrical about the value 7, this result can be rewritten as

2M ct /2
Ig < ¢ / exp(— Rt sin¢)de.
T 0

Finally, applying the integral form of the Jordan inequality to this estimate, we find

that
2Me* b4 R
= (57 (5 Ja e

so, provided ¢ > 0, this shows that limg_, o, Iz = 0. Consequently, in the limit as
R — oo, we have shown that when ¢ > 0,

1 c+iR
— e F(s)ds = X {residue at each of the poles of e* F(s)}.
27 Je iR

This important result, which forms the next theorem, enables the inversion integral
to be evaluated in terms of the residues of the function e* F(s).

Inversion of a Laplace transform by means of residues Let F(s) = £{ f(¢)}, the
Laplace transform of f(¢), be such that it has a finite number of poles, and choose
¢ such that all the poles lie to the left of Re{s} = c. Then if a positive real number
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M exists such that [sF(s)| < M for all s to the left of Re{s} = ¢, the inverse Laplace
transform f(t) = L7{F(s)} is given by

f(t) = L7Y{F(s)} = X {residue at each of the poles of * F(s)}. ]

This theorem extends immediately to the case where F(s) has an infinite num-
ber of poles all lying to the left of Re{s} = ¢ provided, as R — oo, the contour Cyr s
allowed to expand in such a way that it never passes through a pole. The inversion
of transforms of this type leads to the determination of f(t) = L~'{F(s)} in the
form of an infinite series of functions of ¢ (see Example 16.4).

Use Theorem 16.1 to find £L71{(s> — a?)/(s?> + a*)*}, a > 0.

Solution Before applying Theorem 16.1 it is necessary to check that its conditions
are satisfied. Using the contour in Fig. 16.1 and setting F(s) = (s> — a®)/(s> 4 a*)?,
the poles (double) of F(s) are seen to be located at s = +ia, so for suitably
large R they will lie inside the contour provided Re{s} < ¢, with ¢ > 0. In addition,
lim,_, o |sF(s)| = 0 when s lies to the left of the imaginary axis, so the conditions of
Theorem 16.1 are satisfied.

Routine calculations show that the residues of ¢*' F(s) at its two double poles
are

St( o2 2
- t
Res {%, s = :tia} =3 exp(xiat),
SO
2_ 2
— t
fy=r,"t {%} = E{exp(iat) + exp(—iat)} = tcosat,

confirming entry 12 in Table 7.1 of Laplace transform pairs. ]

If a Laplace transform involves a branch point, the contour in Fig. 16.1 must
be modified by inserting a branch cut to make the function single valued inside
the contour, and this often involves making a cut along the negative real axis. An
inversion integral requiring a branch cut of this type is given in the next example.

Find £1{1/./5).

Solution The function F(s) =1/./s has a branch point at the origin of the
s-plane, so instead of the contour in Fig. 16.1 we will use the contour in Fig. 16.2,
where a branch cut has been made along the negative real axis with each side of
the cut being connected by a small circular arc surrounding the branch point at the
origin.

The semicircular contour Cyg in Fig. 16.1 is now replaced by the two circular
arcs AB and EF of radius R together with the path BC along the top of the branch
cut, the small circular arc I' of radius ¢ around the branch point, and the path DE
along the bottom of the branch cut. The function F(s) = 1/4/s is analytic and single
valued inside this modified contour, which is bounded on the right by the vertical
line C;g. We will use the principal branch of the function for which the argument
lies in the interval —7 < 6 < . As the branch cut along the negative real axis
terminates at the origin, we must take ¢ > 0.
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Im{s}
s-plane
L—2 A
R
Cir
rl.
B €
E D 0 Rels}
— F

FIGURE 16.2 Modified contour with a
branch cut to make 1/./s single valued.

On Gy we have s =c+ Re' for 7 <6 < 37” For later use we now set
0 =m/2+ ¢, so s becomes s =c+ iRe'?, for 0 < ¢ <. With this change of
variable ds = — Re!?d¢, so |ds| = Rd¢, and provided R is sufficiently large |s| =
lc +iRe'?| > ||Re'?| — |c|]| = R — ¢. We will also need to use the result that |e¥| =
|exp{t[(c — Rsin¢) + i Rcos ¢]}| = e exp{— Rt sin ¢p}. The integral Ig around G
can now be estimated as follows:

/ Ly </ €] gy < R /ne [ Re sin ¢]do
—=das| = S| < Xp|— .
ABEF /S ABEF IS|/? (R—0o)'72 )y P

The symmetry of sin ¢ about ¢ = 7/2 allows this to be rewritten as

Ir =

20t R /2
Ip< —— — Rt si do,

so applying the integral form of the Jordan inequality we find that
e
Ir< ————(1—eF).
R_(R—C)l/zl( e )
Allowing R — oo, with t > 0, in this last result shows that lim R0 Ir =0. '
The integral around the contour I' of radius ¢, on which s = ¢e'?, ds = ice'?de,
and s'/% = ¢/¢/2 /¢, is given by

T
1 i
. e
/;n L explet(cosg +ising)lice’?dy,
but this also is seen to vanish as ¢ — 0. ‘ '

Along the top BC of the branch cut s = re™ = —r, s0 /s = "2\/r =i /1,
and ds = —dr, whereas along the bottom DE of the cut s =re ™ = —r, 50 /s =
e 72 /r = —i\/r,and again ds = —dr. As no poles lie inside the contour, it follows
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from the Cauchy integral theorem that
1 eSI & 1 eSl
——  lim —ds—i—/ ——e " (—dr —i—/ —ds
2 Raoo,eao{/cm N MV v s

R 1 , st
+/ ——e "(—dr) +/ —ds} =0.
£ (_l)\/’7 Gor \/E
We have shown that when ¢ > 0 the third and last terms vanish in the limit as
R — oo and ¢ — 0, so the equation reduces to

1 fefioo ot 1 Ojert > je "t 1 [®e
— —ds=—1—| ——d —dr{ =— —dr.
270 Jeio 5 2m'{ ~ VT ”/o Jr } n/o N
The changes of variable r = u? followed by v = u+/f simplify this result to

1 c+ioco st 2 0
— e—ds = —/ e’vzdv,
2mi c—ioo N 77\/; 0
so using the standard result f0°° e™Vdv = /7 /2 we find that
1 1
El{—}:—, for Re{s} > 0. [ |
NG — {s}

In the next example we consider a Laplace transform with an exponential factor
in the numerator, which is known from the operational properties of the Laplace
transform to arise from a shift in ¢.

Find £~ e~ /(s*> + 1)).

Solution It was shown in Chapter 7 that £L~'{e™*/(s?> + 1)} = H(t — 1) sin(t — 1)
fort > 0, where H(t — 1) is the Heaviside unit step function defined as

0, t<a
H(t—a):{l t>a.

We now show how the result £-}{e™/(s?> + 1)} can be recovered by means of
the inversion integral. It is a routine matter to establish that Theorem 16.1 applies
to the function F(s) = e~*/(s?> + 1), which only has simple poles at s = =i, so we
proceed directly to the determination of the residues of e* F(s). We have

es(t—l) i
Res m,szi Z—EGXp[l(t—l)]

and

es(tfl) i
Res m,s =—ig = 7 exp[—i(t — 1)],

so from Theorem 16.1

f(t):E‘l{ e’ }={—5exp[—i(t—1)]+%exp[_i(z_1)]}:sin(z—l).

s24+1 2

As the Laplace transform of a function f(¢) is not defined for ¢ < 0, we must
require £~ '{e™* /(s> + 1)} to be zero for t < 1, so if we make use of the Heaviside
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how the inversion
integral
generates a series

Ims}
y A s-plane
R =kn
B
O¢ | € Rels)
b C

FIGURE 16.3 Contour
containing poles on the
imaginary axis.

unit step function this becomes
f(t)y=LYe /(s> +1)} = H(t — 1)sin(t — 1) fort > 0.

In this example a discontinuous function has been recovered from its Laplace trans-
form by means of the inversion integral in (2). [ |

The extension of Theorem 16.1 to a Laplace transform F(s) with an infinite
number of poles is illustrated in the following example.

Find £~ {3 coshs }

Solution Setting F(s) = ﬁ, we see that e*’ F(s) has an infinite number of sim-

ple poles on the imaginary axis, with one at s = 0 due to the factor s in the denomi-

nator, and others ats = (2n + 1)7i/2 withn = 0, 1, &2, ..., corresponding to the

zeros of cosh s. As all the poles lie on the imaginary axis, when applying the inver-

sion integral we will use the contour shown in Fig. 16.3 with ¢ > 0 arbitrarily small,

and to prevent the contour passing through a pole we set R = kmr withk=1,2,....
Routine calculations show that

Res{e’' F(s),s =0} =1

and

2exp[(2n + 1)nit /2]
2n+ 1)m

Res{e’ F(s),s = 2n+ 1)mi/2} = (—1)"*!
Extending Theorem 16.1 in an obvious manner we have

iR st st
=— 1 d d
f@)y = 2mi R1—>oo{/,»Rscoshs s+/ABCscoshs S}

= X{residues at poles of ¢ F(s)}.

On the semicircle ABC of radius R, s = Re'’ with 7<0< 37”, so |s| = R and

|ds| = Rd@. Substituting for s in e’ gives |e*'| = exp[Rt cosd], and
|coshs| = | cosh(Rcos8) cos(Rsin 6) + i sinh(Rcos6) sin(Rsin 0)|
= [cosh?(Rcos ) — sin®( Rsin 6)]'/?

The graph of |coshs| as a function of 6 is symmetrical about 6§ = & for all R, and it
attainsits least values at the ends of the interval 7 /2 < 6§ < 37 /2. However, R = krn,
so setting & = /2 we find that on the semi-circle ABC

lcoshs| > [1 — sin’(kw)]"/? = 1.

Using these results to estimate the integral around ABC we find that

st 3/2 ot 0
In— / </ le*!| IdSIS/ exp[kmnt cos ]kzrde
Cscoshs asc ||| coshs| x)2 km

3m/2
= / explkmnt cos6]do.
/2
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After the change of variable 6 = /2 — ¢ this becomes
I < / exp[—knt sin¢ldg,

0

but sin ¢ is symmetric about ¢ = 7/2, so this is seen to be equivalent to
/2
Ig < 2[ exp[—krt sin¢|dg.

0

Applying the integral form of the Jordan inequality reduces this to
1
Ip= (- ek,
so that provided ¢t > 0, klim Ig = 0. Consequently we have shown that
— o0

1
s coshs

ft) = El{ } = Z {residues at the poles of e’ F(s)}.

Combining the residues of poles located at pairs of complex conjugate points
along the imaginary axis causes the complex parts of the residues to cancel, leaving
the real result

o=~ { } =1+ % 3 (1 sl Dt/2]
n=0

scoshs 2n+1

We see that in this case the inversion integral has given rise to a function f(¢) in
the form of a sum of an infinite series of cosine functions.

To understand why this has occurred, we need only notice that F(s) is, in fact,
the Laplace transform of the rectangular pulse function

f@)=2) (-1)"H[t — (2n +1)]

n=0

with period 4 and amplitude 2. So what has been recovered by the inversion integral
is the Fourier series representation of the piecewise continuous function

0, 0<r<l1
ftHy=142, 1<t<3
0, 3<t<d4,
where f(t) =0fort <Oand f(t+4) = f(¢t) fort > 0. ]

Although Theorem 16.1 provides a general formula for the inverse of a Laplace
transform, it is not always easy to use. In certain cases the inversion integral can be
avoided by employing a known transform together with one or more of the opera-
tional properties possessed by all Laplace transforms. This approach is illustrated
in the next example.

: —1y_1
Find £ { m }
Solution An attempt to find this inverse transform by means of Theorem 16.1
leads to difficulties in the determination of the residues, so we will employ a
different approach. The first shift theorem for Laplace transforms asserts that if
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L{f(t)} = F(s), then L{e” f(t)} = F(s — a), so by replacing s by s + 1 in the result
of Example 16.2 we have

= { 1 } et
s+l Ut
To complete the inversion process we now make use of the Laplace transform
of an integral that asserts that if £{ f(¢)} = F(s), then

L { ng)} = /(;t f(z)dr.

Using this result with £7{1/+/s + 1} gives

ﬁ_l{s\/m} N %/ot i;;du.

The change of variable u = v? converts this to

but the error function erf (x) is given by

5 . 7 & ., w2t
erf (x) = ﬁ/o exp(—v?)dv = 7= ;(—1) nl2n+ 1)’
o)
1
-1 j—
L {Sm} = erf (V1). m
Find
El{M}, with a > 0,
s

Solution The function has a branch point at the origin, so when evaluating the
Laplace inversion integral by means of a contour integral it is necessary to use a
contour with a cut along the negative real axis and to enclose the origin in a small
circle of radius ¢ > 0. The complete contour C is shown in Fig. 16.4, and it comprises
integrals along the path AB that in the limit will become the integral from ¢ — ioco
to ¢ 4 ioo, and the paths y1, I'1, Cy, 'z, and .

Setting

£(t) = /31{ M@t’

and noticing that F(s) has no poles inside C, we can write

0= fA F(s)ds + / F)ds + /r F)ds + /C F)ds + /r s + / F(s)ds,

Y2

M} and F(s) =

and so

o [ roas = Fwds+ [ ot [Py
+/—r2 F(s)ds+/_ ZF(S)dS},
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Im|s}
s-plane
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FIGURE 16.4 The contour involving a
cut along the negative real axis.

where the symbols —y;, —T', ..., —y, indicate the reversal of the direction of inte-
gration along these paths. In the limitas A — ¢ — ico and B — ¢ + ioo, the integral
on the left becomes f(¢), and standard arguments show that as R — oo the integrals
along y; and y, that form part of the circle |s| = R in Fig. 16.4 vanish. So, letting
R — o0, the preceding result is seen to reduce to

% [ P = 21;{ /_ s+ /_ FG)ds + /_ . F(s)ds}.

1

The path T lies on the upper side of the negative real axis on which s = re™,
0 /s = /re™? = i/r. The path I'; lies on the lower side of the negative real axis
on which s = re 7, s0 /s = \/re”"/> = —i/r. Using these results and allowing
for the reversal of the directions of integration, we have

f(t) _ lim L {/OO CXp(_ia\/?)e—rt(_dr)

e—0 271 —r

= exp(ete!®)eie’’ do
ce

+/ﬂ exp(_aﬁeiH/Z)
N /oo eXp((ij;/;)e”(_dr)} .

Letting ¢ — 0, the integral around the branch point becomes ffﬂ ido =2mi,
so after reversing the limits in the last integral the equation becomes

£(1) = i{ /Ooo (20 sin (av/F)dr + 2m'},

27l r

or

F)=1- % /0 T Gn(ayr)dr,

r



874 Chapter 16  The Laplace Inversion Integral

Summary

This expression can be put in a more convenient form if the integral

oo ,—rt
I = l/ ¢ sin (av/r)dr
0

T r

is transformed by setting rt = u?. After this change of variable the integral becomes

0 2
1= gf M sin(Bu)du, where 8 =a/+/t.
T Jo u
Now
% = %/OOO exp(—u?) cos(Bu)du,

but from Exercise 24 in Exercise Section 14.3,

/ " exp(—12) cos(Bu)du = 3 exp(—F/4),
0

SO
o 1 ,
BT exp(—p~/4).

Integration of this result from 0 to g, using the fact that / = 0 when g = 0, gives

1 B
I = —/ exp(—v?/4)dv,
77 Jo
or
L "™ ey
I:—/ exp(—v/4)dv.
77 Jo
In terms of the error function

2 X
erf(x) = —/ exp(—t?)dt,
T Jo

o)

f)=1- erf(%) = erfc(ziﬁ)

We have shown that

fty=r"" {M} =1- erf<2iﬁ> = erfc(ziﬁ). [ |

The inversion integral for the Laplace transform is discussed in some detail in refer-
ence [3.8] together with various applications, and also in references [4.3] and [4.4].
A comprehensive account of different forms of the Laplace transform and their
associated inversion integrals is given in reference [3.18]; see also reference [6.10].

integral I becomes

and so

A contour integral called the Laplace inversion integral was derived that allows the
function f(t) to be recovered from its Laplace transform F(s). This more advanced method
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is necessary when the transform F (s) is too complicated for f(t) to be found by means of
a table of transform pairs. The method was illustrated by being used to invert some more

complicated transforms.

EXERCISES 16.1

In Exercises 1 through 13 use the inversion integral to find

LYF(s)).
1 F(s) = ﬁ (a > 0).
2. F(s) = m.
3. F(s) = ((Ss;f))z.
4. F(s) = %
5. F(s) = s3(s1+ o
6. F(s) = m.
7. F(s) = ﬁ (a > 0).
8. F()= o—— (a>0).
9.5 F(s) = sl% (Hint: Use the gamma function in the
final result).
105 F(s) = —

(s24+ 1)

11.%

12.*

13.*

14.*

15.*

16.*

17.*

(s +1)e™>
F(s)= ——.
®)="—5"3
1
F(s)= ——.
©=F6
F&)= o (a>0)
s) = a > .
sy/s+a
Find E‘l{ﬁ%} without using the inversion integral by

using a property of the Laplace transform that deter-
mines £~ (s~} from the result L~ {s 72} = (1)~
Find 571{\/%}’ and use the result with the con-
volution theorem for the Laplace transform to find
Eil{m} (b>a >0)

Show that

1 (-1 2& sinnmt
c = — N1y .
{s3 sinh s } 6 73 ;( ) n’

Show that

= 1 __sin(t +a)
{(s2 +1(1 +e*2‘”)} 2

1 & cos(n — 1)t )2a
ta Z; T—n—Dnrji @70
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CHAPTER

Conformal Mapping
and Applications to
Boundary Value Problems

he way curves and regions in one plane are mapped by analytic functions onto another

plane constitutes the study of conformal mappings. Conformal mappings concern the
geometrical properties of analytic functions, and their study is closely related to the Laplace
equation. This chapter defines a conformal mapping as one that preserves both the angle
between intersecting curves and the sense of rotation from one curve to the other, and then
proceeds to examine some of the most important examples of these mappings produced
by elementary analytic functions.

Conformal mappings are shown to map a harmonic function in one plane into a
harmonic function in another plane, and it is this property that is used when boundary value
problems for the two-dimensional Laplace equation are solved. Applications of conformal
mappings are made to two-dimensional boundary value problems involving heat flow,
electrostatics, and ideal fluids.

Of particular interest is the ability of conformal mappings to map regions with a com-
plicated boundary shape onto regions with a simple boundary shape. This is because such
mappings can be used to solve two-dimensional boundary value problems for Laplace’s
equation in regions of complicated shape. The required solution follows directly from the
fact that conformal mappings map one analytic function into another one. Consequently,
if a conformal mapping can be found to map a complicated region onto one with a simple
shape, once the solution of the corresponding boundary value problem in the simply
shaped region has been found, it can be transformed back into the required solution in
the complicated region.

17.1.. Conformal Mapping
E—
Let 'y and I’ be any two curves in the z-plane that radiate out from a com-
mon point of intersection P at zp, as shown in Fig. 17.1a. Then if the curves
have the respective parametric representations zy(t) = x1(¢) +iyi(¢) and z(¢) =
x2(t) +iyx(t) for a <t < b, at their point of intersection P corresponding tot = a
we have 79 = z1(a) = z2(a). Now let the function f(z) be a single-valued analytic
function of z in some region D of the z-plane, and set w = f(z). Then, as f(z) is
continuous, each point of I'; will correspond to a unique point on some curve y; in
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(a) (b)
FIGURE 17.1 Mapping of curves I'; and I'; to y; and y» by w = f(2).

the w-plane and, similarly, each point of I'; will correspond to a unique point on
some other curve y, in the w-plane. As the curves I'y and I'; intersect at P located at
20, the curves y; and y, must intersect at the point P’, called the image of P, located
at the point wy = f(zo) in the w-plane. In general, when points in the w-plane are
identified by letters, their images in the w-plane are identified by using the same
letters with the addition of a prime. So if A, B, C denote pointsin the z-plane, A, B,
and C’" will be used to denote the corresponding images in the w-plane.

As the parametrization in terms of ¢ induces a sense (of direction) along the
curves I'y and I'; as ¢ increases, this sense is transferred to the curves y; and y, in the
w-plane, as shown in Fig. 17.1b. Curves along which a sense of direction is defined
are called directed curves.

The curves I'1 and I'; in the z-plane are said to be mapped onto the respective
curves y; and y, in the w-plane by the function w = f(z). It is usual to call y;
the image of I'; under the mapping w = f(z) from the z-plane to the w-plane
and, conversely, as f(z) is single valued, I'y is called the image of y; under the
inverse mapping z = f~!(w) from the w-plane to the z-plane. In what follows we will
show that for any zp such that f’(zo) # 0, the analytic nature of f(z) causes the
mapping to preserve the angle of intersection between the curves I'y and I'; at P
in the z-plane, so it equals the angle between their images y; and y, at P’ in the
w-plane. In addition, and equally important, we will show that the sense of rotation
is preserved, so if the tangent to I'; at P is obtained by rotating the tangent to I';
at P counterclockwise through an angle «, then the tangent to y, at P’ is obtained
by rotating the tangent to y; at P’ counterclockwise through the same angle o. A
mapping that possesses these two properties is called a conformal mapping, and
such mappings play a useful role in connection with the solution of boundary value
problems for the two-dimensional Laplace equation.

To establish the conformal nature of the mapping produced by a single valued
analytic function w = f(z), we now appeal to Fig. 17.2. Consider the secant PQ
on curve I'y in Fig. 17.2a, and the corresponding secant P’ Q’ in Fig. 17.2b, where
Qislocated at z; and Q" at w; = f(z1). In the limit as Q — P, the angle between
the secant PQ and the real axis in the z-plane becomes the angle oy between the
tangent to I'y at P and the real axis and, correspondingly, point Q" — P’, causing
the angle between the secant P’ Q' and the real axis in the w-plane to become the
angle ) between the tangent to y; at P’ and the real axis.

Consequently, as PO = z1 — zo, We can write

a1 = lim Arg(z; — 20),
21—>20
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FIGURE 17.2 Secants PQ and P'Q’ in the z- and w-planes.

and correspondingly

/31 = lim Arg(w1 — WO).

1—>20

Forming the difference 81 — o, we have
p1 — a1 = lim Arg(wi —wo) — lim Arg(z; — zo),
21— 20 21—>20

but Arga — Argb = Arg(a/b), so this last result can be written

. w1 — Wy
B —ap = lim Argl ——— .
2120 21 — 20

As f(z)is an analytic function, and so has a unique derivative f’(z) irrespective
of the way in which z; — zp, the preceding result shows that when f'(zg) # 0,

B1 — a1 = Arg f'(zo).

The uniqueness of the derivative f’(zp) means that the foregoing result is true
for any other curve passing through P and its image curve through P’, so, in partic-
ular, it is true for the curves I'; and y,. We have shown

B1—ai = fr —az,

and this can be rewritten as
a —a = B — Bi.

As the curves I'; and ', were any two curves that intersect in the z-plane, this
result has established the preservation of both the angles and their senses under
the mapping w = f(z), and hence the conformal nature of mappings produced by
single-valued analytic functions at all points z where f'(z) # 0.

Although angles and senses of rotation are preserved by a conformal mapping,
in general the length scale involved in a mapping at a point zj in the z-plane and at
its image point wy = f(zo) in the w-plane is different. To find the linear scale factor
p(z0) thatis involved at z = z, we need to consider the limit of the quotient | f(z) —
f(z0)l/1z — z0| as z — zp, but this is simply | f’(z0)|. So in a conformal mapping,
provided f’(z) # 0, the linear scale factor p(z) introduced at a point z when mapping
infinitesimal line elements from the z-plane to the w-plane is p(z) = | f'(z)| and,
correspondingly, the area scale factor is p?(z). Because the scale factor and the



